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ABSTRACT 

mete gueNovemper through 25 December, 1992 a bottom mooring 
ου Ἵδειπα Of an upward looking acoustic doppler current profiler 
(wera and a Conductivity-temperature pressure (CTD) instrument 
were deployed in the Golden Gate. 

Tidal constituents were derived from least squares fit on 
pressure and current data. The amplitude of the M2 tide was 0.6 
ια 100 ση75, and primary tidal constituents vere about 0.3 


meter and 20 cm/s. Current profiles vere largely barotropic and 


E dimenslonal. mcd οσο παπα caupoebnde slides had amplitudes 
Exam ο, ος meter and 5 cm/s but had baroclinic structure and 
two dimensional hodographs. ΙΙ ':.ετετςτ:. Ἡμεηας ο. be 


Myoraulically driven. 

Mean flow and transport were directed at 110°T at 23 cm/s 
and 45 m?/s; indicative of the two dimensional structure of the 
Eden Gate. Mean energy fluxes at the site vere 3X10* W for 
Ec energy advectlon and .8.5X10* Ww for the work done by 
5. If representative of the channel, they imply a total 


ENex flux of 8.5X10? W through the Gate. 
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I. INTRODUCTION 

The Golden Gate is the narrow, deep channel that 
connects California's largest and most complex estuary to 
the Pacific Ocean (Figure 1). The Golden Gate is relatively 
narrow and deep, 1 km and 110 m, and has an along channel 
length of 5 km (Figure 2). This is considerably deeper than 
5551] 1] depth ot 7 to 10 meters which lies at the western 
ο. σε to the Golden Gate. A navigational channel aligned 
with the natural channel is maintained at about 0.6 km wide 
anc 20 m deep through the sill. Immediately to the east of 
the Golden Gate, the tidal channel diverges into northerly 
and southerly branches. The 20 meter isobath associated 
with these channels extends south to Yerba Buena Island and 
mh to Carquinez Strait. 

The Golden Gate serves a volume of 6.66 X 10? cubic 
Dncrs with a tidal prism of 1.59 X 10? cubic meters 
(Edmonston & Matthew, 1931). The combined effects of large 
tidal exchange forced by mixed-semidiurnal tides and winds 
enrough this narrow channel results in complex subtidal, 
residual, and bathymetric steering events. Some seiche 
NISted forcing is also felt in the Gate from the Central 
San Francisco Bay (Edmonston & Matthew, 1931). Since the 


Golden Gate is nearly east/west aligned as is the 


122°45' 1229201 
38°00" TU τ 





37°40' 


Figure 1. San Francisco Bay and sites of interest. 
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Figure 2. Along and Cross Channel Bathymetric Profiles. 
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predominate meteorological wind forcing, strong wind- Semi 
Significantly influénee the characeet® of Ene eCurrene 
structure through the Gate (Edmonston & Matthew, 1999755 
Despite the narrow channel, the southern side of the Gate 
tends to have more influx than the north. Also Seer. 
formation of a jet during the flood tides as large volumes 
of water are forced through the confined channel entem 
the San Francisco Bay (Conomos and Gartner, 1985). 

This study was motivated by several sclentifiq ane 
military factors. First, a NOAA Survey to improve Cie 
Current prédictions for San Francisco Bay failed toos 
data for the Golden Gate region. Second, NES has been 
involved in a study of the oceanography in the Fara mee 
and data from the Golden Gate would provide informa mon Ea 
how conditions in the Bay affect those offshore. ΕΞ νυ 
with the U.S. Navy now focused on coastal operat 1 ons NNNM 
dynamics of shelf-egstuary interaction need more ποιο 
understanding. On the estuarine side, one of the αι. 
variables of estuarine flow is the buoyancy flux froma 
ocean and estuary. Seaward, low salinity estuarine waters 
create plumes and drive coastal currents, significant in 
coastal minesweeping, antisubmarine warfare, and amphibious 
operations. Estuary inflow at depth represents a local 
withdrawal from coastal waters that can dominate low level 
flow 30 to 30 kilometers ἔτσοπ ἔπε πον, OIL ON 


4 


scientific value is the better understanding needed in areas 
Ot migniy three dimensional, topographically complex flow 
for advanced estuarine models. One of the most glaring 
needs is in the modeling of estuaries, where knowledge of 
the exchanges and flovs near the entrance are crucial in 

Eu Jug the proper boundary conditions, which in turn, can 


Gominate the internal calculations. 


II. OBSERVATIONS 

A RD Instruments self contained acoustic doppler e wiri nas 
profiler (ADCP) (operating at 307 KHz, sampling ratem M 
and average data are stored every 3 minutes) and a portable 
Seabird conductivity, temperature, and depth (CTD) recorder 
(sampling rate is once every 2 minutes) were deployed inside 
the Golden Gate from 9 November to 15 December, 1992. 
Instrument details are provided in Appendix A. The ADCP and 
CTD were mounted ina steel protective cage and held to a 
concrete anchor with two acoustic releases mounted in 
series. The package was deployed from the U.S. Coast Guard 
Buoy Tender, USCG Bhackhaw just inside and to the οσο... 
the main navigational channel of Golden Gate at 37 4970 58 
127 28.0'W. This location is designated SFB1. The package 
was originally placed in 100 meters of water but was dragged 
by a fishing vessel on 11 or 12 November to 91 meters GF 
water very near the original placement. 

Two CTD profiles were recorded near the deployment site 
using an additional hand tended Seabird CTD (sampling rate 
every 30 seconds). The first was recorded on 9 November, 
1992 from the USCG Blackhaw after deployment of the mooring 
package. The second profile was recorded on 04 December, 
1992 during a slack-to-flood period from a small boat. MA 
recovery profile was not obtained. 
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Local winds were provided by the Golden Gate Bridge 
Authority using a National Weather Service anemometer 
Eosated 267 £t above the water on the Golden Gate Bridge 
central span. Hourly water level data were obtained from 
NOAA at San Francisco, Ca., Alameda Ca., Point Reyes Ca., 
smomeort Chicago, Ca., for comparative studies. 
Meteorological đata was also obtained from NAS Alameda. 
Finally, USGS provided hourly surface temperature and 
ου ο ἓν records from Ft. Point, approximately 914 meters to 


the southwest o£ SFBl1. 


ILI ONNEPESULBTS 

A. WATER PROPERTIES 

Estuaries fed by freshwater rivers at the head and salty 
oceans at the mouth were believed to have a characteristic 
profile and flow pattern (Gross, 1993, and Thurman, To FER 
The classic method of estuary description has been the 
strength of stratification between the fresh outflowing 
Surface waters and the salty inflowing deep waters (Stommel, 
1951). Golden Gate's estuarine profile was established 
comparison of two CTD casts and the time series data of the 
moored CTD with surface temperatures and salinities measured 
at Fort Point. The CTD profiles revealed a three layered 
estuarine profile on 09 November and amore typical two 
layer profile on 04 December. Salinity, temperature, and 
Gensity of both profiles were compared and displayed as 
Figure 3. In the month between profiles, the νἈισταοο 
by PC and freshened by 1.2 psu. The profile measured 
cooling and freshening was confirmed by the moored CTD ana 
Ft. Point surface data. 

The natural freshwater inflow from rivers was highly 
controlled by dams and dikes constructed for flood Comi raap 
and freshwater conservation. The occurrence of large 


rainfalls or water released from dams was crucial to better 
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is 4 December cast. 


Temperature vs Salinity 


understanding the observed salinity and temperature data. 
Weather data from the Naval Air Station at Alameda indicated 
several rain events occurred during the deployment as listed 


in Table 1. 


DABIS 
DAILY AVERAGED RAIN FALL (DURATION AND AMOUNT) 
AT NAS ALAMEDA 


19 NOV 6 hours 0. 14" 
2S Nov 6 hours [om 
22, Ney 8 hours 0.04” 
24 Nov PY nour ΗΠ 
02 Dec JO SOM sS ο τὸν 
05 Dec Oh ome ο ος Ἡ 
06 Dec lo hours η 
07 Dec 5 nours ο 57 
08 Dec 15 hours OAT 
Coe ac JAEN OUES Bj. SP 
10 Dec Ii που.» ΠΤ. ο 
II Dec 6 hours n 


Information from Dr. Smithy USGS, Yndicaced 3s T3900 
freshwater event started about 5 December, peaked about 13 
December at 800 m?/s, and ended on 22 December. The source 
was approximately 100 kms from Golden Gate. 
l. Profile 1l 

On 09 November, the day of deployment, a relatively 
Shallow warm and fresh surface layer extended to 1 meter. A 
Shallow halocline extended from 1 to 3 meters. In the 
Shallow halocline the salinity gradient approached 0.11 
psu/meter, changing from 33.24 psu at 1 meter to 3305995 
at 3 meters. A shallow thermocline was found at the Game 
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depth with a temperature gradient of -0.01 * C/meter. 
ime resulting pyenocline density gradient approached 0.09 
kg/m?, with a maximum of 24.27 kg/m?. The midlayer ranged 
mom 3 to 47 meters deep. In this midlayer salinity, 
temperature, density averaged 33.80 psu, 14.41^* C, and 24.51 
Hom. Two distinct Gensity inversions existed in the 
midlayer. Density inversions are not unexpected in an area 
of such strong advection and turbulence. A second or deep 
bevocline extended from 47 to 51 meters. Here the salinity 
gradient measured 0.07 psu/meter, the temperature gradient 
-0.08 C/meter, and density gradient 0.06 kg/m?. The deep 
Saline water extended from 51 to 84 meters. Weak density 
[mverSions were again observed in the deep layer. An 
average salinity increase with depth for the deep layer was 
ο ο DSus/ymecer Or nearly isohaline with an average of 33.07 
psu. Maximum salinity was 33.07 psu. The deep layer 
temperature and density vere 13.92" C and 25.07 kg/m?. 

EIL Profile 2 

Mee e Oar Orle was collected during a slack 

water period going into a flood condition on 04 December, 
1992. The fresh surface layer extended to 4 meters deep 
with an average salinity of 31.23 psu. Temperature and 
density in the surface layer were 13.22°C and 23.43 kg/m?. 
A strong shallow halocline then extended from 4 to 16 
meters. The salinity gradient, 0.03 psu/meter was weaker 


ΤΊ 


than both the deep and shallow haloclines of 09 November. 
The thermocline was -.01°C/m. The density gradient from 
the resultant pycnocline vas -0.03 kg/m?^/m. The αεες,,..... 
water, 16 to 86 meters, vas nearly isohaline vith a slight 
increase with depth and some levels of density inversion. 
The deep layer salinity range was 31.51 psu and 31.62 psu, 
with an average of 31.56 psu. The temperature throughout 
the deep layer vas almost a constant 13.18 C. Deep layer 
density averaged 23.94 kg/m?. The deep layer density 
increased with depth: maximum density 24.14 kg/m? at 8€ 
meters, minimum density 23.77 kg/m?, for a gradient (orem 
kg/m?/m. 
3S Moore 

The moored CTD confirmed an overall freshen nie E ma 
cooling trend during the deployment. Pressure data from the 
CTD was used for tidal height analysis. 

a. Temperature 

The moored CTD revealed an overall cocoons 

during the deployment. Figure 4a, 2 minute temper αι 
data, clearly shows temperature oscillations of about 0.5°C 
amplitude imposed on a general ο. through the records 
The temperature oscillations are dampenec by twenty seven 
days into the record. The maximum temperature, 15.97°C, 
was observed during the first day. At day twenty eight, a 
short but strong warming is noted and oscillations return. 
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Figure 4. Near bottom CTD data from 1500Z 11 November to 
1500Z 15 December for the Golden Gate. 
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The temperature soon settles back to a cooling trend. mine 
minimum temperature was 12.40°C on the last day. Average 
temperature through the deployment was 13.63 °C with a 
standard deviarienmot O16 en 
b. Salinity 
The salinity, Figure 4b, maintained an 
oscillation of about-0.5 psu throughout the record MEME, 
slight freshening trend through the first twenty seven days 
is amplified during the last seven days of the record. The 
enhanced freshening from day twenty-eight through the end of 
the record coincides with the warming pulse described nM 
temperature signal. The salinity had a maximum of 32.53 psu 
and a minimum of 29.63 psu, with an average of 31.36 peta 
a standard deviation of 0.42 psu. 
c. Density 
The density showed oscillations on the order of 
0.5 kg/m?. The first twenty seven days of record 
demonstrated a general density increase with time on the 
order of 0.11 kg/m? per day tor a rise of over "TAM 
During the remaining seven days of the record, the density 
seemed to oscillate about an ee Of 27.21 kg/m 
d. Temperature vs Salinity 
Figure 4d clearly shows the general coolingw@ade 
freshening had two distinct phases. The first phase 
occurred during the first twenty seven days of the record. 
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During the first phase the salinity change was slow, on the 
order of 0.5 psu, whereas the temperature change was rapid, 
nearly 3° cC. During second phase the roles were reversed. 
ο τν changed rapidly, on the order of 1.0 psu in 5 days, 
Eh temperature cooling only slightly, less than 0.5*c. 
e. Heights 

Strong tidal forcing was considered the primary 
energy source for the Golden Gate. Tides created changes in 
sea level and water flow through the Golden Gate. 
Determination of tidal influence on water heights was 
essential. Sea level height was analyzed using the bottom 
pressure measured by the moored CTD, Figure 5. No 
corrections were applied to the pressure data to compensate 
for variations in atmospheric pressure or the changes in 
water density. Tidal analysis and prediction was 
accomplished through the use of least squares harmonic 
analysis routines (Foreman, 1977). Complete Foreman 
analysis and details are included as Appendix B. From 33 
EN record, 39 constituents were derived. Of the 39 
derived constituents the nine largest tidal contributors are 
Six of the primary constituents, 01,P1,K1,N2,M2,and S2, one 
of the overtide constituents, M4, and two of the compound 


tides, MK3 and 2MK5 (see Table 2). 
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TABLE 2 
Meets AND STANDARD DEVIATIONS OF TIDE HEIGHT CONSTITUENTS 
Amplitude and phase have been corrected for Nodal effects. 
Meee enpressea in meters, phase Shift in degrees. 
Standard deviation for amplitude means were all 0.02. 


Amplitude Phase Shift 

mean mean std 
Ol 0.25 3014195 ου 
K1 0.47 Sd s ος 5 229339 
N2 0.09 10746339 2:9 209 
M2 0.59 36.8960 Sa TIIR 
S2 D 41.6140 Obs 
MK 3 0702 50.5475 1040727 
M4 ο ο 158.7485 12.4486 
2MK5 0.01 123.6490 525 
M6 0.01 2d 38] 44.2597 
3MK7 [NT De πο gg 


The moored CTD pressure signal yielded tidal constituents 
consistent with those derived by NOAA for San Francisco Bay 
meee Appendix B). Diurnal and semidiurnal tides are 
commonly referred to as "primary tides". In shallow waters 
tive tidal wave becomes asymmetric, and this effect is 
@epeoximated by Using harmonics of the fundamental period. 
ise attect 1S Similar to the overtones in music, thus 
ΜΙ... the name "overtides" to constituents such as MÀ and 
DIN ther shorter period tides are very closely related in 
frequency so they are commonly lumped together and referred 
ΙΝ. ompound tjdes" (bronkers, 1964 and Schureman, 1958). 
Overtides and compound constituents can also be lumped 


together under the term "Shallov Water Constituents". 


(Dronkers, 1964 and Schureman, 1958 and 1976). 
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The significant tidal constituents in this analysis wae 


listed in Table 3 vith their period and celestial cornus 


TABLE 3 
MAJOR HARMONIC TIDAL CONSTITUENTS ANALYZED AT SFB] 
(Godin, 1972, Dronkers, 1964, and Schureman, 1958 σπα E i 


Constituent Period(hrs) Origin 
O1 2 DB Principal Lunar 
P1 24.07 Principal Solar 
ra 213905919 Principal Luni-3SoPb3sm 
N2 12.556 Larger Elliptical Lunar 
M2 12472 Principal Lunar 
S2 πι ο Principal Solar 
MK 3 Sauls M2+K1 
M4 Sal 2M7 
2M S 4.93 Τι 
M6 4.14 3M2 
IMR Be oe 3M2*K1 


The largest tide vas the M2 at 0.590 mo TI eE Un 
of the principal diurnal tides, οἱ (0.247m) and KD Stee 
was just larger than the M2 constituent. N2 andto 
contribute 0.092 m and 0.136 m respectively. Pl was 
inferred from the Kl constituent at 0.12] m. The απο... 
of the MA overtide vas 0.024 m. The compound tides ME? anc 
2MK5 contribute 0.021 m and ο DI π τεςρεσ ο οὐ. 

f. Frequency Response 

I also carried out least squares analysis for 
temperature and salinity data. Results for the five largest 
constituents are listed in Table 4. Compared to pressure 
results, it is clear that harmonic analysis fails to resolve 
the semidiurnal and diurnal energy present in these records: 
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TABLE 4 
HARMONIC ANALYSIS OF TEMPERATURE AND SALINITY 
Amplitude of temperature is °C. 
Amplitude of salinity is psu. 


Gonce: Puene Temperature Salmi ty 
Ol Ups ΘΠ; 
K 1 067 O22 
N2 Π 50 ο ος 
M2 ο. ο ο. 
SZ 0 2 eo 


This is because the temperature and salinity gradients are 
changing with time and smearing the energy over a broader 
band. To compare the variability in the CTD data as a 
function of frequency, the spectral magnitudes of 
temperature, salinity, and pressure data were compared and 
displayed in Figure 6. The signal with the greatest 
amplitude is the pressure signal. The pressure signal 


clearly showed two diurnal and two semi-diurnal tidal 


spikes. There was relatively little spectral energy below 
σπα! frequencies in the pressure data. Salinity had 
the next greatest magnitude response. Diurnal and semi- 


diurnal spikes were the dominant features of the salinity 
spectrum. The salinity low frequency energy was greater 
Chan the pressure signal. Temperature response had an 
extremely strong signal in the very low frequency range, far 
exceeding the diurnal and semi-diurnal response. The 
temperature also had significant diurnal and semi-diurnal 


peaks. 
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Figure 6. Spectral Density of Near Bottom CTD Pressure 
(solid), Temperature (dashed), and Salinity 
(dotted). 
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Diurnal temperature response while not as peaked as the 
S y Was much broader indicating a more energetic 
response. 

4. Surface vs Subsurface Comparison 

The gradients of temperature and salinity with depth 
mere, Considered critical to understanding the natural 
restoring forces of the Golden Gate waters. Half hourly 
temperature and salinity data from the moored CTD was 
compared to half hourly surface, temperature and salinity, 
data recorded at Ft. Point, approximately 914 meters 
EE west of SFBl, by USGS, Figure 7. 

Surface temperatures were warmer than subsurface 
temperatures on 11 November, 1992 by 90.45°C. The 
temperature difference decreased through the deployment 
A December, 1992. On 11 December the temperature 
Gradient reversed, surface temperatures were slightly colder 
than at depth. The temperature inversion, order 0.1°C, 
remained through instrument recovery, 15 December, 1992. 

Although the surface salinity measurements failec on 
25 November, the surface and subsurface salts appear to 
merge during the first two weeks of subsurface measurements 
indicating freshening subsurface or saltier surface waters. 
The Fort Point salinity measurements did not resume until 
the day that we retrieved the ADCP. At that point, they 
confirmed the freshening trend that occurred at depth. 
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Figure 7. Near bottom and Surface Temperatures and 
Salinities for the Golden Gate. Surface measures 
from Fort Point were provided by USGS. Heavy dotted 
line is near bottom. Light solid line is Fort Pomme 

a. Temperature 
b. Salinity 
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B. CURRENT ANALYSIS 

The measured currents contained mostly tidal energy but 
several factors --- topography, meteorology, internal waves, 
and nonlinear response --- influence and modify tidal 
forces. Separating and studying those signals was the 
greatest challenge of the data analysis. 

1. Mean Flow Statistics 

The along channel, U component, and cross channel, V 

component, show both depth dependent shear and tidal 
asymmetry. The along channel flow had a maximum (flood 
maximum), Figure 8, of 218 cm/s at 60 meters depth. The 
along channel minimum was -173 cm/s, ebbing, at 68 meters 
depth. The mean flow was flooding the bay with a maximum of 
EEM S at 20 meters. Cross channel flow maximum, 
approximately northward flow, was at 12 meters, 69 cm/s, 
Figure 9. Maximum cross channel flow decreased with denth 
to a minimum of 46 cm/s at 84 meters. The minimum cross 
Channel (approximately southward) flow had a maximum of 86 
cm/S at 36 meters, increasing from 75 cm/s at 12 meters. 
Minimum cross channel flow then decreased with depth to 62 
cm/s at 76 meters and then increased slightly to 66 cm/s at 
84 meters. Complete flow statistics were calculated and 


listed in Table 4. 
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North/South Current Statistics for the Golden 


Gate. Solid line iS average current. Dashed 
line is maximum current. Dotted line is minimum 
Current. 
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Maximum and mean along channel flood and ebb were 
determined from the U and V components, Figure 10. The 
along channel ebb, Figure 10a, demonstrated depth dependant 
shear. The mean ebb flow was 61 cm/s with a maximum at 84 
meters, 74 cm/s, and a minimum at 12 meters of 36 cm/s. The 
strongest measured ebb had a similar proflle to the mean 
ebb: maximum at 84 meters, 173 cm/S, minimum at 12 meters, 
102 cm/s, with an average of 151 cm/s. The along channel 
flood, Figure 10b, had minimums at the top (12 meters, 88 
cm/s) and bottom (84 meters, 92 cm/s) and a maximum of 105 
cm/s at 44 meters depth. The mean flood was 99 cm/s. The 
maximum flood had a similar profile hut its maximum was 
deeper in the water column, 219 cm/s at οὐ πει στο. 

Minimums were again at the top and bottom, 190 cm/s at 12 
meters and 208 cm/s at 84 meters. Mean current for each 
depth bin was removed and currents remained "de-meane@ ae: 
most of the remaining analysis. Certain energy and imme 
calculations required the use of non-demeaned signals; means 


were added back to the signals as required. 
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ο το 10. Flood and Ebb Statistics for the Golden 
Gate. Solid s average current. Dashed is 
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TABLE 4 
ALONG AND CROSS CHANNECTSTATIS TICS 
Along Channel 


dept min max mean Sea 
m cm/s cm/s cm/s cm/s 
17 -102 190 28 677 
20 75 203 32 T3 
28 133 207 3T 79 
36 = ae 207 28 85 
44 55, 212 25 90 
52 = Gr 217 23 97 
60 -164 DIS 21 oe 
68 -173 2127 18 91 
76 -169 2M 17 90 
84 EST 208 15 88 
Cross Channel 
T? -75 69 e ns 
Du ~80 68 -10 19 
28 -84 67 = 10 19 
36 -86 67 -10 19 
44 -78 65 -10 18 
2 -75 63 -9 l3 
60 -66 62 -8 14 
68 2I 58 -7 13 
76 -62 54 -6 13 
84 -66 46 -5 a 
2. Principal Axis Rotation 


The first step in current analysis vas rotation 
principal axis. Principal axis rotation vas used to 
minimize variance across one axis which will subsequently be 
referred to as “across channel". (No attempt was made to 
rotate coordinates with respect to the vertical axis) 
Details of principal axis calculation and rotation are 
included in Appendix C. Principal axis analysis revealed 


little depth dependency for rotation te principal axles 
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Rotation increased from almost 3 degrees at 12 meters depth 
to a maximum of 8.5 degrees at 44 meters depth then 
decreased to 2.5 degrees at 84 meters, Figure 11. 
3. Scatter Diagrams 

The nature of the along and cross channel flow was 
visualized by scatter plots of the rotated velocity vectors. 
These plots are drawn by placing a dot at the end of each 
three minute vector. Scatter diagrams (Figure 12) 
Memonstrated two consistent features: an elongated "sS" 
Smaped pattern and variable cross channel flow. In Figure 
uu meters depth, the "S" shaped pattern had less along 
channel magnitude and considerably greater cross channel 
mu vEthan those for deeper velocities. A strong northward 
component in the early stages of the ebb gives vay to strong 
offshore flow with a weak southward component. The flood 
Goes not show the same development pattern. The f.ooc 
Cevelops uniformly and sweeps out a fairly broad pattern of 
flow into the Bay. In Figures 12b and 12c, 40 and 64 meters 
deep respectively, the "S" shape is elongated in along 
susnne! direction with less cross channel flow. The flood, 
positive along channel flow, demonstrated less veering than 
the ebb (negative along channel flow). Although not as 
dramatic as in Figure 12a the ebb side of the "S" again 
shows a change in direction from northward components which 
give way to southward components as the ebb strengthens. 
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Figure 11. Principal Axis Rotation for Golden Gate 
Currents. 
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Finally in Figure 12d, 84 meters deep, the "S" shape has 
broadened and twisted into a flattened "m" shape. Figure 
12d shows considerable cross channel dispersion with more 
pronounced northward flow enhancement on both the flood and 
ebb flow leading to the "m" shape. The strength of along 
Channel flow at 84 meters is the same as at mid depth. 
4. Tidal Analysis 

The next step was to determine the tides. A least 
Squares harmonic analysis was completed for the rotated, 
demeaned currents (Foreman, 1978). Complete listings 
included as Appendix B. From 33 days of record, 39 
constituents were derived (two by inference) and are in 
agreement with previous studies (Walters et al., 1985). The 
larger constituents consisted of five primary consti co 
(01,K1,N2,M2,82), three compound tides (2MK5,MK3 3M -- 
two overtides (M4,M6). Graphical results of semi-major 
axis, semi-minor axis, inclination in degrees from 090 T, 
and Greenwich phase lags (G) are represented in Figures 13, 
14, 15, and 16. The inclination is the amount, measured in 
degrees, the semi-major axis is rotated clockwise from the 
positive X, in this case 09 T. Greenwich phase lag, G, is 
the interval which the instant of maximum current lags the 
Simultaneous transit of the fictitious developmental stars 
at the celestial Greenwich (Foreman, 1978). Table 5 
summarizes the tidal constituent's semi-major, semi-minor, 


32 


wnel ination by depth. In Figures 13 through 16 and 
Table 5, a negative semi-minor axis indicates clockwise 
ellipse rotation. The least squares analysis used hourly 
three-minute samples; this allowed 20 estimates of each 
Constituent so that standard deviations could be calculated. 

The primary constituents were larger in amplitude 
man tne combination and overtides. The diurnal and semi- 
diurnal tides (K1,N2,M2,S2) all had maximum amplitude at a 
depth of 68 meters, Figures 13 and 14. The combination tides 
MK3, 3MK7, 2MK5 and the compound tides M4 and M6 all 
demonstrate a maximum amplitude near a depth of 24 meters, 
Figures I5 and 16, which correspond to the upper mixed layer 
described in the CTD profiles and which is also the dredged 
come depth. 

a. Lunar Semidiurnal (M2) 

The M2 tide was an order of magnitude larger 
than all other tidal constituents. The semi-major axis was 
82 cm/s near the surface, increased monotomically to a 
maximum of 115 cm/s at 68 meters, then decreased again to 
108 cm/s at 84 meters, Figure 138. The semi-minor axis 
(Figure 13b) varied by +/- 2 cm/s about an average of 2 cm/s 
with clockwise sense. When the semi-minor axis is zero, ΟΥ 
is much less than the semi-major axis, motion is nearly 
rectilinear. This is certainly the case for the lunar 
Ecmaidliurnal current. 
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Figure 13. Lunar semidiurnal tidal currents for the Golden 
Gate. 
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Figure 15. Overtide tidal currents for the Golden Gate. 
Solid line is M4. Dashed line is M6. 
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meee 16, Compound tidal currents for the Golden Gate. 
Solid Tine is ου 4. Dashed line is MK3. Dotted 
line is 2MK5. 
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TABLE 5 


TIDAL CURRENT CONSTITUENT STATISTICS 
This table lists the mean and standard deviation of the tidal 
semi-minor axis (cm/s), 


semi-major axis (cm/ 


and the phase shift from Greenwich (degrees) with respect to depth, 


s]. 


TIDAL COHSTITIUELIT: Ol 


d semi-major 

m std m 
12 gu] 0.52 2 
20 7.39 0.60 2 
28 10.38 0.46 1 
36 13.19 0.44 1 
44 15.16 0.49 0 
52 15.76 0.54 0 
60 15.92 0.41 0 
68 15.82 0.32 0 
76 15.60 0.33 0 
84 15.77 0.29 0 
TIDAL CONSTITUENT: 
12 21 60 0.37 -Q. 
20 23.22 0.51 -0. 
28 27.22 0.53 -1 
36 30.75 0.52 -1 
44 33.20 0.47 -1 
52 34.06 0.44 -1 
60 34.22 0.40 -1. 
68 34.07 0.35 -λ 
76 33.70 0.36 -1 
84 32.93 0.38 -12 


TIDAL COISTITIUENT: 
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ως Ἱπα πα ιο Figure 136) waS consistent about 
ieee through the depth of the record. The phase shift from 
Seeenwich was fairly constant with depth, 357, Figure 134d. 

Ὁ. Primary Constituents 

Tncmemeina ling sprelmMary Constituents, ο. Κἰ ο», 
and N2, were of the same order of magnitude, ranging from 
9 επ/5 for Kl to 10 cm/s for Ol. In all four of the 
Primary constituents the semi-major axis increases 
monotomically from 12m to a maximum at 60 to 68 meters depth 
(Figure 14a). Below 68 meters depth the semi-major axis 
decreases Slightly with depth. The primary constituents 
demonstrated little cross channel flov, Figure 14b. The Ol 
and N2 constituents had similar semi-minor axis profiles 
with maximums near the surface going to near zero by 84 
Drs Figure 14b. The Kil and S2 started at close to zero 
near the surface and reached maximums of about 2 cm/s 
between 68 and 80 meters, Figure 14b. Primary constituent 
EuuuUnation and phase shift profiles were similar, Figures 
14c and 14d. The inclinations all had maximums near the 
surface that decreased with depth. A11 had phase shifts to 
Greenwich that were nearly constant with depth. 

cowEoOvertidesConstjtuents 

Dhesstusongestocot the secondary constituents was 
the M4 overtide, Figure 15. The M4 semi-major axis was 15.3 
cm/s at 20 meters, Figure 15a. The semi-major axis then 
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decreased with depth to a minimum of 9.4 cm/s at 76 meters 
depth. The M6 semi-major axis demonstrated a similar 
profile to the M4, Figure 158. Semi-major axis 7:2) cm ce 
occurred at 20 meters. It then decreased to a minimom 
amplitude of 3.9 cm/s at 60 meters depth. M6 semi-minor 
axis was not statistically greater than zero until deep in 
the water column, below 76 meters, where it was about 3 
cm/s, Figure 15b. Inclination of the M4 ellipse was fairly 
consistent averaging about 171 through depth, Figures 
M6 inclination increased with depth from 10% near the 
surface to 227 at 84 meters depth, Figure 15c. Phase shift 
from Greenwich was moderate for both M4 and M6. M4 was 
fairly constant with an average G of 175 . M6 increased 
from 226° at 12 meters to οσο Ἐν ορ είπε”. 
d. Conpeund Constr tuenes 

MK3 had greatest semi-major axis of the compound 
constituents with a maximum of 13.7 cm/s at 20 meters, 
Figure 16a. 3MK7 and 2MK5 also had semi-major axiS maximums 
at 20 meters, 7.7 cm/s and 6.2 cm/s respectively. Below 20 
meters the profiles are no longer similar. MK3 decreased 
with depth to 44 meters below which it maintained a near 
constant average of 10.7 cm/s. 2MK5 varied between 5.8 cm/s 
and 4.7 cm/s from 20 to 84 meters. 3MK7 decreased rapidly 
to 1.4 cm/s at 68 meters, then increased to 5.9 cm/s cam 
meters. All three compound tides semi-minor axis were 
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ο  ΙἹςσαπειν greater than zero only in the upper 20 meters 
EE 0 2 cm/s with a clockwise rotation, Figure 16b. 
Pielination was also inconsistent between the three compound 
ΤΣΕΠΕΣ, Figure 6c. MK3 inclination decreased from a 
12 meter maximum of 173.7% to a mid-layer minimum of 156.9 
at 44 meters. MK3 inclination then increased to 169.5 at 
Sommecers before dropping off rapidly with depth.  3MK7 and 
2MK5 had near surface maximum inclinations at 20 meters of 
Ec and 103.3 respectively. Both then decrease with 
depth. The 2MK5 reached a minimum of 24.9 at 60 meters, 
increased to 161.9 at 76 meters then decreased again to 
137.6 at 84 meters. The 3MK7 minimum of 59.4 at 68 meters 
Exnot statistically significant. Unlike the 2MK5, the 3MK7 
reached a statistically significant minimum at 76 meters, 
IM then increased slightly to 77.7 at 84 meters. 

e. Summary 

Ν᾿:  ττους 020027, 20 November, 1992 to 

03002, 21 November, 1992 was chosen to represent a typical 
Meee day for descriptive analysis. The Foreman predicted 
tidal along channel and cross channel tidal currents were 
plotted in Figure 17. The along channel currents Clearly 
demonstrated the depth dependency of the flood tide, 
anve along Channel flow, and the associated shear. 
Cross channel flow contours were extremely noisy. There was 
also observed southward flow from the surface to mid depth 
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toward the end of the second daily flood. A pattern of 
midlevel maximums prior to maximum ebb occurred. Note that 


this agrees with the pattern of the scatter diagrams: Toue 


12 
2. Low Frequency (Subtidal) Analysis 
Low frequency physical processes were complex and 
difficult to isolate. Low frequency events can only be 


accurately isolated in linear systems (Conomos and Gartner, 
1985). The complex topography of Golden Gate combined with 
the large tidal prism makes this a very nonlinear system. 
Therefore, a qualitative approach was used for the analysis 
Of subtidal processes 

To examine the subtidal residual currents, the 
results of the Foreman tidal analysis were subtracted from 
the rotated, demeaned signal to yield a detided signal The 
detided signal was then filtered using a 72 hour Butterworen 
lowpass filter. Detailed detiding and low frequency 
analysis procedures are discussed in Appendix D. Data from 
the near bottom CTD, Fort Point surface measurements, winds 
on Golden Gate bridge, NAS Alameda, and NOAA tide gauges 
were low passed using a 72 hour Butterworth filter. The 
results were then compared using various combinations of 


stack plots and Covariance functions. 
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Typical Daily Along Channel Tidal Cycle 
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ο ποσα, Typical Daily Tidal Cycle for the Golden Gate. 
a. Along Channel Flow 
b. Cross Channel Flow 
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The along channel current variations were consistent with 
depth and showed a large amplitude event on about 5 
December, Figure 18. The cross channel currents, Figure 
19, reversed with depth. The upper layer, 12 meters, tending 
to the north, and the bottem layers, 60 to 84 meters, 
tending to the south, Figure 19. The crossover occurred 
around 36 meters depth which showed near zero but slightly 
south current, Figure 19. The vertical average of Pewee wa 
channel residual currents was northward, about 2.0 cm/s. 
Next, moored CTD data was compared to the low passed 
currents, Figure 20. Moored CTD data was detided us imom EEE 
hour Butterworth low pass filter. In Figure 20 ΕΠΕ Ἐπ 
temperature and salinity data was detrended, which removed 
the cooling (0.11 ° C/day) and freshening (0.09 ρου EEE 
observec, Figure 4, but retained other subtidal variability. 
The moored CTD salinity showed consistent freshening ο ο 
the record until 5 December. On 5 December the freshening 
trend reversed for about five days and resumed on about 10 
December. The CTD temperature cooling trend was slow during 
the first ten days. From 21 November to 30 November the 
cooling trend was consistently strong. The cooling trend 
weakened from 01 December until interrupted and reversed on 
about 10 December. The cooling trend seemed to reestablish 


around 12 December. 
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Subtidal Along Channel flow in the Golden Gate. 
The vertical average has been subtracted from 
individual levels, and results have been 

οσο ου increments of 196 em/s for clarity. 
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Figure 19. Subtidal Cross Channel flow in the Golden σσ: 
The vertical average has been subtracted from 
individual levels and results have been 
displaced by increments of 10 cm/s for Clanuimes 
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πας 20. Residual CTD Pressure, Salinity, and Temperature 
with Vertically Averaged Residual Along and 
Cross Channel Currents for the Golden Gate. 


49 


The subtidal CTD pressure, salinity, and tem era 
were cross correlated to the subtidal U and V current 
componente, Figures 21 and 22. Salinity was pocit MEN 
correlated to the along channel (U) component with lead of 
about a day, Figure 21.  Thls indicated that sallinirtomE 
pressure increased with flow into the Bay. Salinity also 
had a negative correlation with a 36 hour lag. Temperature 
was not well correlated with the U component. As expected, 
pressure was positively correlated to along channel flow. 
(The "notch" in this correlation function at zero lagu 
unusual, a feature for vhich I have no explanation) Figure 
22 showed subtidal salinity and pressure positively 
correlated with the residual cross channel flov. 

Low passed winds were compared to subtidal cūrr ens 
components in Figure 23. Persistent southeastward winds 
were observed. During the first six days of the record, 11 
through 17 November, the Gate experienced southeastwoa 
winds of varying strength. During this period the 
vertically averaged along channel current was lnto thc M 
opposite to the Ekman transport. When the southeastvard 
wind relaxed, the along channel currents resumedikai 
oscillation about zero. In Figure 24 the along channel 
currents were negatively correlated with a lag of almost 4 


days. 
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Correlation Coefficient 


Encre 21. 





Lag (Days) 


Cross Correlation of Low Passed Near Bottom CTD 
Data with Vertically Averaged Residual Along 
Channel Current in the Golden Gate. Solid line 
is pressure. Dashed line is salinity. Dotted 
line is temperature. 
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Correlation Coefficient 


Ergure 22: 
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Cross Correlation otf Low Passed Near Bottom 

CTD Data with Vertically Averaged Residual Cross 
Channel Current in the Golden Gate. Solid line 
is pressure. Dashed line is salinity. Dotted 
line is temperature. 
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Figure 23. Low Passed Winds with Vertically Averaged 
Residual Along and Cross Channel Currents 
in the Golden Gate. 
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Figure 24. Cross Correlation of Residual Along Channel flow 
with North/South Winds in the Golden Gace 


Along channel currents had a positive correlation with lag 
Em iuocurs, Figure 25, i.e. the direction of flow is 
opposite to the vind stress. This result may be associated 
with the correlation between southward and eastward winds. 
ήν from Figure 26 no correlation was found to exist 
ο εκ εεηπ E/W winds and the cross channel current. 

A second meteorological influence was a series of 
storms in early December. Two short but fairly intense 
events occurred on 02 December and 06 December. A less 
δε but Longer duration rain event occurred from 08 
15η 11 December, 1992. The two short intense storms had 
strong southeastward winds that appeared to strengthen flow 
Into the bay. During the 08 through 11 December period, a 
southeastward wind gave way to strong sustained 
Ew Uuwvestward winds. The combined effect of these storms 
w eared to enhance flow out of the bay. The disturbance to 
along channel flow from these storms was clearly evident 
eang the entire depth of the along and cross channe! 


Sarrents, Figures 18 and 19. 
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Figure 25. Cross Correlation of Residual Along Channel 
Current with East/West Winds in the Golden Gate. 


56 


Correlation Coefficient 


0.5 
0.4 
0.3 
0.2 


0.1 


-4 -2 0 2 4 
Lag (Days) 


Figure 26. Cross Correlation of Residual Cross Channel 
Current with East/West Winds in the Golden Gate. 


57 


6. High Frequency Analysis 

Analysis of the detided data vas essential, DOMUM 
see how successful the least squares technique had been as 
well as attempting to isolate higher frequencies to the 
tidal driving force. The high frequency response revealed 
the existence two interesting signals. One with a period of 
9 hours the other a period of 1.67 hours. 

The unbiased along channel covariance indicated a 4 
to 6 hour response that changes phase from positive at the 
surface to negative in the bottom 16 meters of the water 
column, Figure 27. <A spectral analysis of the covariance 
revealed a consistent spike at 5 hours, Figures 290 NND 
2MK5 tide has about a 5 hour period. Extremely little 
temporal distortion of the along channel internal waVveNwss 
demonstrated by the nearly point "zero" crossings of tite 
nine covariances. The spectral analysis of the along 
channel high frequency information also reveaied a 
consistent signal with a 1.67 hour period. This signe ni 
not easily seen in the covariance but was clearly revealed 
by the "fast fourier transform" of the high frequency signal 


through all depths. 
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Covariance of Along Channel High Frequency 
Currents in the Golden Gate. Solid line 32s 12 
20 meters. Dotted line is 12 - 40 meters. 
Dashed line is 12 64 meters. Dashed-Dotted 
line 1s 12 - 84 meters. 
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Figure 28. Spectral Analysis of Along Channel Covariance, 
Currents at 12 meters to currents at 20 meters 
depth in the Golden Gate. 
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Cross channel covariances, Figure 29, demonstrated a 
Similar depth dependant phase shift as the along channel. A 
cross channel wave period of order 4 to 6 hours was evident. 
Unlike the along channel, the cross channel covariance 
meMenetrated temporal change with depth, Figure 29. Rotary 
spectral analysis was performed on the raw and detided data 
pouobserve the relative significance of high frequency 
signals and evaluate the efficlency of the detiding effort. 
In Figure 30 the reduction of low frequency tidal energy is 
Clearly evident. The 5 hour signal discussed in the high 
frequency analysis vas not significantly reduced by the 
detiding effort. This 5 hour signal vas present through the 
mu depth of the record with a clockwise rotation. The 5 
hour energy may be the result of the nonstationarity of the 
Signal. A 1.67 hour signal was also observed in the high 
frequency rotary spectrum (Figure 30) vithin the 95 percent 


confidence interval and with clockwise rotation. 
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Figure 29. Covariance of Across Channel High Frequency 


Currents in the Golden Gate. Solid line is 12 
20 meters. Dotted line is 12 - 40 meters. 
Dashed-Dotted line is 12 - 84 meters. 
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Figure 30. Rotary Spectrum of Raw and Detided Currents in 


the Golden Gate. Solid line is clockwise 
rotation. Dashed line is counterclockwise 
rotation. 
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C. COMPLEX DEMODULATION 

The change in time of the amplitude and phase of the 
frequencies of interest previously determined was examined 
through complex demodulation. The frequencies of interest 
included: the strong M2 semi-diurnal tide at 0.0805 cph, and 
the major diurnal constituent sh bat 0-04 fee piae 
The pressure, temperature, and salinity signals from the 
moored CTD were demodulated at these frequencies. 

Demodulated semidiurnal variability, Figure 3la, for 
temperature drops slightly during the first seven days of 
the deployment, has a sudden two day spike, then ara. 
rapidly from 20 November to almost zero by 5 December. 
After about a day of zero amplitude the semidiurnal 
temperature energy starts a oscillatory increase Πτα. νΝ... 
remainder of the record. Salinity semidlurnal variables 
Figure 3la, rnemained relatively constant with fortnightly 
beating through the record. The amplitude of semidiurnal 
Salinity variability rose dramatically during storm events 
late in the record. The maximum recorded amplitude occurred 
around 8 December, 0.6 psu. After 8 December the amplitude 


decreased. 
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Figure 3l.  Demodulation of Semidiuinal Energy for Pressure, 
Temperature, Salinity, and Density in the Golden 
Gate. Dotted line {5 pressure. Solid line is 
Salinity. Dashed line is temperature. Dotted 
line between salinity and temperature is 
Aensity. 


a. Amplitude. 
b. Phase Relative to Pressure. 
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for the salinity througnout the record, Figuren TOE 
Temperature semidiurnal phase was also locked between 150 
and 180 degrees until about 1 December when it started to 
drift. Starting about 6 December the temperature phase 
shifted wildly during the several days of storms. Around 11 
December the semidiurnal temperature signal seemed to return 
into near phase lock with salinity. 

Demodulation of the diurnal Signal gave Similar results 
to the semidiurnal. Diurnal salinity amplitude followed the 
fortnightly beating demonstrated by the pressure signal, 
Figure 32a, until the storm events late in the regence 
During the storm events the salinity diurnal amplitude 
increased markedly. Diurnal temperature energy followed the 
Salinity pattern until 20 November when it started a steady 
decline to zero by 6 December. buono the early December 
storm events some diurnal energy returned to the signal. 
Diurnal phase for salinity and temperature had a consi meni 
fortnightly shift between 0.2 to 0.8 radians and lagged the 
pressure by about five days, Figure 32b, until the early 
December storms. During the storm events the diurnal 
Salinity phase shifted dramatically to about 0.2 radians 
oscillating by no more than 0.1 radian for the remainder of 
the record. The diurnal temperature phase shifted wildly 


during the στη αερα 
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Demodulation of Diurnal Energy for Pressure, 
Temperature, Salinity, and Density in the Golden 
Gate. Dotted line is pressure. Solid line is 
salinity. Dashed line is temperature. Dotted 
line hetween salinity and temperature is 
density. 


a. Amplitude. 
b. Phase Relative to Pressure. 


67 


IV. 5 DISCUSSION 
Currents in the Golden Gate are complex and subject to 
strong tidal forcing. I found the mean currents measured by 
the current profiler to be directed into the Bay (TiO EE 
with a speed of 26 cm/s. Mean floods were also clearly 
greater than the mean ebbs. This apparent flooding ο... 
San Francisco Bay is most likely đue to the two dimensional 
structure of the flow in the Gate and the Eulerian nature of 
the measurements. For example, if the distribution ofeee 
ebb and flood currents are not symmetric mirror images 
across the Gate, than a bias vill be introduced to 
measurements at a fixed location. I did clearly measure a 
strong tidal jet associated with the flood tide. Other 
residual (subtidal) circulations could also contribUeeuae 
this bias. Our measurements fit the structure of flow 
described by Conomos and Gartner (1985): 
The inflow follovs the depths along the south shore 
ot the entrance to the bay, whereas the surface ouťtfTow 
tends to follow the more shoal areas and is concentrated 
toward the northern shore. Superimposed upon this 
circulation pattern is a tidally driven residual floWNBb 
is directed up estuary in the center of Golden Gates 
Coward the ocean along πο τοι n (Conomos and Gartner, 
19855) 
This pattern of flow also agrees with theoretical and 


numerical analysis of Park and Wang (1991). They studied 


the vorticity balance of tidal flows over a hollow ina 
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the vorticity balance of tidal flows over a hollow ina 
derai ght rotating channel (Park and Wang, 1991), a situation 
resembling the topography of the Golden Gate. They found a 
pattern of residual currents which have inflow to the south 
EdEoutflow to the north. 

Tidal forcing dominated the kinetic energy of the 
Cúürrents and changes of the potential energy of sea level. 
The mixed character of the tide is reflected in strong, 
nearly rectilinear motion associated with the primary tidal! 
MemoeituentS. Considerable shear (20% for the M2 tide) was 
observed which with deep flow maximums (60 - 70 meters 
MED indicate the jet-like character of the flow. 

Overtide and compound tides had amplitudes of about 5 cm/s, 
these tended to be strongest near 20 meters depth, and had a 
ΠΤ ex vertical structure. 

w ommon index for nonlinearity of tides is the ratio of 
the M4 and M2 constituents. Table 5 yields a ratio of 0.04 
a he pressure gauge and ratios of kinetic energy for the 
currents were 0.09. These numbers are far below those for 
regimes considered to be highly nonlinear due to frictional 
effects. 

This being the case, I investigated the ability of a 
Simple hydraulic model for Golden Gate currents (USDOC, 
1950). This model relates the pressure difference across 
the channel to the observed currents. 
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11. ΕΠΗ. 


(T: 


κ αρα η... 


‘Te 


rence from Polnt Reyes ae 
seaward of Golden Gate, and Alameda, landward of Golden 
Gate, are compared to along channel currents with a two hour 
lag. When the heights are higher at Point Reyes, flood 
tides occur on the order of three knots per half meter of 
height difference. 

Ae these hydraulically forced tidal currents pass 
through the Golden Gate they were "steered". Golden Gate 
currents demonstrated three levels of steering. Alii 
Surface meaSurements were not made, the near surface bin of 
the ADCP, 12 meters, had a clear "S" shaped pattern in the 
along and cross channel Component scatter plot (5665 
12). The "S" ahape pattern at 12 meters had 1655... 
channel extent and greater cross channel variability than at 
deeper depths. The ebb flow had greater cross channel flow, 
starting with a strong northward component, then αβνε ην» 
into a broad offshore tlow with weak oscillating noruh wag 
and southward components. The flood developed progressively 
into a broad sweeping pattern with a more dominate northward 
cross channel component. In the midlayer, the "sS" patteri 
was very narrow and elongated, indicating near rectilinear 
flow. Finally, at the near bottom layer, 84 meters depth, 


the "S" pattern deforms into a "M" shape. 
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At the bottom, both the flood and ebb had strong ποτ ο τ. 
components early in their development which gave way to 
broad sweeping currents with near equal and oscillating 
northward and southward components. 

During the period of observations, waters of the Gate 
Clearly cooled and freshened. Figure 3 showed a deeper 
Cooler surface layer on 4 December than 9 November. The 
Overall profile on 4 December was cooler and fresher than on 
9 November. Figure 4a showed a general cooling trend in 
excess of 0.07 C per day from mid November until early 
December. In early December a series of storms occurred and 
the cooling trend reversed for about three days then 
resumed. During the November cooling phase the salinity 
remained fairly constant. Figure 4b revealed tidal 
oscillations about a mean salinity of 31.5 psu. When the 
December storms occur the salinity drops rapidly, reac FERS 
low of 29.6 psu by the end of the record. Sallnitomam 
temperature fluctuations observed at depth are clearly 
related to horizontal gradients. Salinity varias ieee 
retained a tidal character throughout the measurement, 
freshening almost 1 psu on each ebb. The horizontal (and 
vertical) temperature stratification was clearly affected by 
the storms of early December and associated release of fresh 
water into the Bay. The normal cooling of 1*C that occurred 
wlth each flood disappeared completely. The independence of 
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events affecting the water column was demonstrated by the 
daily TS values. Early in the record the TS values proceed 
ΠΠ Vertically down on the TS plot indicating long term 
(seasonal) cooling. The storms from 2 to 10 December have 
two major impacts on the Bay. First, and most obvious, is 
the release of fresh water into the Gate which causes rapid 
freshening of the Bay. This freshening showed on the TS 
plot as a nearly horizontal line at the end of the record. 
The second influence is the lack of temperature 
stratification in the water column. Figure 7 clearly shoved 
Surface and subsurface temperatures which were about the 
same. Following the storm period, the phase of the diurnal 
surface temperatures changed, indicating a reversal of the 
horizontal temperature gradient. 

Subtidal flows were analyzed qualitatively using stacked 
Memes Of smoothed variables and cross correlation functions. 
The stack plots showed a meteorological forcing early in the 
record that damped with depth, Figures 18 and 19. Persistent 
southeastward winds enhanced the along channel flood through 
almost the entire water column during the first week of the 
deployment. During this same period a lower level 
perturbation occurred but did not propagate toward the 


surface. 
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A series of strong storm events late in the record 
caused tidal modification through the depth of the να. 
column. Strong eastward winds enhanced the floods and 
westward enhanced the ebbs. 

Cross channel flow analysis supported the theory that 
fresher waters exited near the surface on the north cig. 
the Golden Gate and denser waters enter following the depths 
to the south (Conomos et al, 1985). The near surface cross 
channel currents showed strong northward tendencie sk 
From 60 to 84 meters the flow was predominately southward. 
Foreman's tidal current analysis indicated general counter 
Clockwise rotation of the shallow water constituents. 

This also supported the northward component of the near 
Sum dece eu eT 

Analysis of the high frequency information revealed the 
continued presence of an along channel 5 hour period signal. 
This is close to the period of the 2MK5. The pers im cE 
Getided 5 hour signal, is not an internal wave. Ἱπςδ 
signal also had a phase shift from decreasing positive from 
12 to 60 meters then increasingly negative to the DOCE TE 
The 5 hour signal is probably a nonlinear or nonstationary 


response to tidal forcing, notably the 2MK5 constituent. 
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A possible quarter wave seiche was evident from the 
Spectral analysis of the along channel high frequency 
lu ration. A 1.67 hour period, frequency 0.01 cpm, signal 
was evident. The quarter wave seiche response of the 


central bay: 





reasonably ranged from 0.5 to 2 hours, depending on values 
EN τη and length used (Pond and Pickard, 1991 and Chuang 
ENSESHolcourt, 1989). 

ADCP and bottom CTD data were decimated to six minute 
samples and used to estimate volume and energy flows at the 
mooring site (Figure 34). The coordinate system used for 
dnie Calculation was a positive rotation of 5.5 degrees, the 
average of the rotations determined by minimizing the cross 
channel variance. 

The volume flux was estimated by vertically summing the 
along channel currents. The velocity of the bottom layer 
was assumed to be one half that of the deepest ADCP bin and 
Mieevelocity of the surface layer was set equal to the 


velocity of the upper ADCP bin. 
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This yielded a mean volume flux along a 1-m wide column at 
our measurement Site of 21 m?/s. This flux is integrand 
through the measurement period in Figure 34a. 

The kinetic energy flux through this same i-m wide 
column was estimated using the same approximations for the 
surface and bottom layer as were used for the volume flux. 
For this calculation we also assumed that the water column 
was homogeneous and used the density measured by the bottom 
mounted CTD. The mean kinetic energy flux was 2.8 x 10* W. 
This energy flux is integrated through the measurement 
period in Figurer: 1D: 

The energy flux due to the work done by pressure was 
estimated by assuming hydrostatic equilibrium and neglecting 
the effects of the changes of density within the water 
column. The mean energy flux was 8.5 x 10° W. If this 
energy flux is the same at other locations across ue 
channel (given our volume flux results, there is 11τσεΕΙΣ 
reason to expect this to be so), the total energy flux 


through the Golden Gate would be 8.5 x 10? W. 
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Figure 34. Transports through the Golden Gate into 


San Francisco Bay. Fluxes are calculated along 
094.9 T and Lhruugh a one-meter wide column at 
SFBl and integrated through the measurement 
period. (Total transports for the Golden Gate 
would be 10? greater than these transports if 
the same flov, density, and pressure structure 
occurred at other locations across this section) 


a. Volume 
b. Work due to Kinetic energy transport 
c. Work due to pressure 
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To gain a more meaningful understanding of the true 
dynamics in Golden Gate a multisensor collection effort is 
required. A spread of no less than four ADCP's is required 
to box the seaward and landward approaches to the Golden 
Gate. If available a fifth ADCP should be placed at the 
center of this grid. This deployment should include moored 
CTD's on each ADCP frame and regular CTD profile casts. A 
surface temperature and salinity monitor (Similar to the 
Fort Point sensor) should be temporarily employed on the 
north side of the Golden Gate. Finally, the deployment 


Should last for no less than 34 days. 
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APPENDIX A 


INSTRUMENT SETUP AND DETAILS 


I. INSTRUMENT PACKAGE AND DEPLOYMENT 

The instrument package consisted of one Self-Contained 
Acoustic Doppler Current Profiler (ADCP), RD Instruments 
Inc., and one SEACAT SBE 16 Conductivity-Temperature-Depth 
ο Sea-Bird Electronics, Inc. The ADCP was secured in a 
steel protective cage via a gimble mechanism designed to 
lock in place after 24 hours to ensure near vertical 
alignment of the transducer assembly. The CTD was mounted 
on the cage frame such that it was at the same level as the 
transducer heads of the ADCP. li standard glass floats 
where mounted about the frame to provide positive buoyancy 
once the concrete anchor was released via dual acoustic 
release devices. A second Seabird CTD was used to record 
water column profiles. The second CTD was secured to 90 
meters Of line and hand tended from the surface. One meter 
of line with four 10 1b steel balls was attached to the 


lower end of the CTD to reduce kiting. 
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II. The SC-ADCP 

The SC-ADCP, manufactured by RD Instruments πε ἩΝ. 
modular instrument consisting of a watertight transenmems 
assembly which operates at an acoustic frequency Gf νυ 
and a pressure case that houses the EPROM recorder (eisai ee 
packs, pitch and roll sensors, fluxgate compass, απ 
resolution temperature sensor. The ADCP was deployed fron 
09 November to 15 December 1992 at site ΡΕΒΙ. Thon 
Started in l00m of vater but vas accidently ασαςσςσ:,',.,, ν. 
fishing vessel on 12 November 1992 to about 91m. The final 
mooring position could not be accurately determined ms 
appeared to be glightly shoreward απὰ 1πξο ἔπε Πε. τ 
respect to εως ο ο μας πε να he ADCP Πες. 
velocity by doppler shift comparison of four beams Er 
of ADCP velocity calculations and errors are expla ἯΙ. 
detail by Johns, 1988, RD Instruments, 1989 and 19929 
Abbott, 1991. The ADCP was programmed to record an Επ 
average of 180, l1-second acoustic pulses, or pings) ---- 
three minutes. ADCP internal clock was set to GMT by Naval 
Observatory Master Time check. ADCP internal clock was 
compared to the Naval Observatory Master time on recovery of 
Gata and no error was observed. Data was recorded in Beam 
coordinates then transformed to Earth coordinates for 
analysis. 


ο 


The three-minute reduced averaging yielded standard 
Mev raclion Of random error velocity to 1.0 cm/s, equal to 
instrument bias (RD Instruments, 1992). 

lie ADCP Segmented the velocity profile into uniform 
depths (depth cells or bins) by range gating the return from 
each ping. Thirty 4-meter bins were recorded for each of 
the 16844 usable ensembles. The values of echo amplitude 
for all four beams at each depth level were averaged over 
the length of the deployment. The amplitude of the signal 


decreases as a function of range from the transducer heads, 


except near the surface layer. The echo from an acoustic 
hard surface - ln this case the surface - is much stronger 
than those from the scatterers in the water column. With 


each transducer head angled at 30 degrees from the vertical, 
πε echo contamination will return to the ADCP at the same 
ος ὃν the echo from the main lobe at 85 percent of the 

Eu nce to the surface. This overwhelms the side-lobe 

EU sess)ion and degrades the quality of the data. 
—moesponding maximum ranges for mooring SFBl yields a 
mesgeetion Of data from the surface to 12 meters deep (RD 
Instruments, 1992). Adjacent cells were not statistically 
independent because of overlap from the sliding digital 
filter, which caused a correlation between adjacent cells of 
0.15 (RD Instruments, 1989). Where statistical independence 
Was required, only the odd numbered bins were used. 


Os 


A surface track ping was programmed to determine SP 
elevation. This function iS normally Used σι e 
instrument is hull mounted and looking down for bottom 
tracking. Due to scatter and sidelobe contamination, this 
information proved to be too inaccurate for analysis and 
well below acceptable percent good limits. 

The stored data, consisting of header and current 
information, were downloaded and initially analyzed by the 
"Transect" program provided by RD Instruments. ΤΕΕ... 
data was converted into ASCII format utilizing a module of 
the "Transect" program, then transferred to a UNI 
workstation and put in matrix form to facilitate deco π 


MATLAB processing and analysis. 
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mae SOBACAT CTD 

ος Ες ΕΕ 16 CTD manufactured by Sea-Bird 
Electronics, Inc., is a modular instrument designed to 
measure and record electrical conductivity, temperature, and 
pressure with high levels of accuracy and resolution. 
peer CTD accuracies and resolutions are listed in Table A- 
ea Bird, 1992). The SEACAT CTD's interfaced through 
standard Sea-Bird software, SEASOFT, to either Lap Top 
computer or Desk Top, IBM 286 compatible. Detailed analysis 
E aperiormed on UNIX workstations using MATLAB. Both the 
EI USsensors used a Pyrex cell and pressure-protected 


thermistor, a Paroscientific Digiquartz pressure sensor and 


[η 


a Wein-bridge oscillator enclosed in a sealed aluminum 
NoDSJIng. 
D Moored SEACAT CTD 
This CTD was mounted to the upper framework of the 
ADCP protective cage. The CTD was vertically displaced 5 cm 
below the ADCP transducer heads. Sampling rate vas set at 


ο ονετν 7 minutes. 


B. The Profiling SEACAT CTD 
The second SEACAT CTD recorded water column eng 
profiles. Two profiles were recovered by hand lowering a 
weighted CTD on 90 meters of line. Profile recording was 
set at twice per second. Profiles were collected on 09 
November from the ADCP deployment vessel, USCG Blackhaw, and 
on 04 December from a small boat. CTD data listings are 


included as Table A-2. 


86 


feo CTD Calibration 
To calibrate both SEACAT CTDs, bottle salts were 
collected near the surface from the deployment vessels and 
compared to the recorded data from the CTDs. 
A. Moored CTD calibration 
The bottle salts from 9 November vere measured tvice 
and averaged, which yielded a "true" salinity of 32.243 psu. 
Beye OL the moored CTD's near surface salinity recordings 
were averaged for comparison, yielding a "measured" salinity 
of 32.564 psu. Thus, the difference between the bottle and 
πε: CTD salts was -0.321 psu. This correction was 
peered to Che moored CTD salinity data. 
DEUS Nov Profiling CTD calibration 
The Same process as above was applied to compare the 
ue salts and the profiling CTD salinity data. Only the 
CTD downcasts were used for data analysis. The profiling 
CTD average near surface salinity was 31.0451 psu, yielding 
EEUU rerence of +1.198 psu. This was added to the profiling 


Sieescalinity. 
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C. 04 December Profiling CTD calip υπ 
On 04 December, 1992 a second profile was collected 
from a N.P.S. owned Boston Whaler. Bottle salts and CTD 
data were compared using the above procedure. The "true" 
salt was 31.228 psu, while the salt measured by the CTD was 
31.470 psu. This required 0.242 psu to be subtracted from 
the CTD data. As before, only the CTD downcast data was 
processed. 
D. Moored CTD to Profiling το, ο του ο 
The moored CTD's salinity could not be compa 
that of the profiling CTD's. While the moored CTD Wace 
meters deep, the profiling CTD never exceeded 87 meters. 
Salinity and temperature measured by the moored CTD (93 
meters) and profiling CTD (82 meters on 9 November, 87 
meters on 4 December) were on the same order of magnitudes 


listed in Table A-3. 


8 8 


CTD ACCURACY, 


Necuracy: 


Resolution: 


Counter time-base 


Real-time clock 


TAELE ASI 
RESOLUTION; AND SUPPORT INFORMATION 


Temperature ο οἱ ο mohths 

τον ΠΕΡ 1Τν 0.001 S/m/month 

Pressure 0.02% of full scale range 

Temperature 07200 lure 

SOncuceivity ΤΟΠ 

Pressure (no DID or full scale 
(moored) 
0.006% of full, “scaie 
οι ο τις] 


Quartz πο ο το ppm Der year aging; 
+/-2 ppm vs. temperature (-5 to +30°C). 
vach crystal type 32,768 Hz; Datbery 
backed for minimum of 1 year operation 
irrespective of Condition af main 
battery. Corrected τος οχι εξ. and aging 
puNECOmparison ες “SEACAT counter time- 
base. 
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TABLE SA=Z 
CTD- DATA LISTINOS 
In the following table, station data are listed in numerical 


order. The specific volume anomaly (6) is calculated using the 
algorithms found in Volume 4 of the International Oceanographum 
Tables (UNESCO, 1987). The units for ô are 10-° ma komim The 


summation of dynamic height (YaD) is made from the surface and 
the units are in Gymamic mMetgersow τυ "τ 


Data listings at selected pressures of temperature 
(°C) Salinity (psu), density anomali kom DE 
specific volume anomaly (6), summation of dynamic 
height (Σαρ), and spiciness (#) for CTD profiles 
collected on 09 November and 04 December 1992 near 
S cg omncspege 


STATION: SFBI DATE: C97 November 1552 1800 GMT 

PAT: 2049 FONE LON ο ο.” 

PX aba) TORE) S(psu) yalkg m) b VaD π 
QM 5.664 372 4G 23.800 410.62 ΠΠ 0.060 
0 14.451 32.574 5. 220 369.17 ΠΠ 0.084 
4.0 14.441 32.600 24.242 367.05 0.015 Oe 
6.0 14.426 32.618 24.259 365.53 C2022 ο 11. 
8.0 ο 2 32.488 24 028 378.05 0.030 0.041 

"3. [0 NE 32.692 21. 951 358.78 E 0.157 
1.0 14.275 32.784 24.419 ουν 0.044 ο ο 
0 πα πο 32.829 η πα ο ο 5 0.051 0.230 
15.8 14.301 32.746 24.384 353-86 0.058 0.188 
18.0 εδ ο... 32.758 QA QD 352.20 0.065 0.188 
20.0 14.165 gj cm 25 341.83 (Q7 0. 251 
2 E: 32.849 24.491 343.89 0 a79 0.242 
PAO 141617 Bean 24.483 344.72 0.086 0.25 
7Ο -ῃ ο πας ορ ρα 3.916 398.82 0.093 -0.09] 
25 ο 19.147 ην το ο 860.51 ου -3.209 
200 14.387 32.663 2 ος εν 10 0.108 0.140 
SIDE 14.225 32.837 VI 346.03 ο ps 0.244 
34.0 14.072 Ses 24.610 332.89 Cater 0.35} 
36000 5.512 DNE DIETE NS τη 0.129 -0.158 
38.0 ους 31.816 ρα 1η 442.88 Cree -0.335 
40.0 15.780 Bes ο τος 446.19 0.145 -ᾱ-- 
42.0 14.023 ο δη 24.660 ο ον υ .ΙΕὶ 0.351 
44.0 13.915 Boe η. πη SES 0.158 0.348 
46.0 14.100 32.902 24.548 329 11 0.165 0.268 
48.0 14.638 32.341 4 98 390.99 ο τη -0.063 
50.0 155 33.244 24.881 307. 49 0.178 0.468 
EON ΤΠ ΠΠ ο. δρ 24.498 344.03 0.185 0.224 
ΕΠ 13.952 33 24.663 328.37 0.191 0.328 


ο. ο ο ο ο ο ο ο ους τοις ο ον © 


.947 
.941 
ο. 
ο. 
SD 
ES 
ο. 
S9 
5930 
2:319 
18936 
328 
2990 
91 
: 9 B 


06:5 
2096 
.043 
ο 
2090 
.084 
e, 
130 
ARE UE 
ΘΗ 
.048 
ο. 
Sms 
2055 
οσοι 


PS 
ΕΙ 
ο 
a106 
S136 
τ 20 
2070510) 
$153 
AEB 
.647 
. 704 
ΙΕ 
. 700 
Hu 
me GES) 
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324: 
324. 
525. 
924. 
ENS 
929 
3202 
SE. 
590. 
ms. 
Dos 
324. 
Du D. 
324. 
324, 


© O iG © OO ο ο ο ο ο 2 eae 


21:9 8 
. 204 
ΟΙ 
ο η 
2224 
22 30 
22:33 
245 
"200 
ο Ὁ 
το 
T269 
σος 
282 
.284 


εν Ἐς" πε 


29054 
po 
. 342 
5» 
2395 
25,90 
. 404 
.408 
242 
22:907 
.340 
-366 
1590 
πῃ 
5 35/4 


STATION: SERI DATE: 04 November 1992 2100 ους 


LAT S E ο aie LON: 2259780 20 WC 
PI TOC) S(psu) Yo kg m) δ YAD R 
du 1534, 2 885 ο 23.4232 445 103 0. 005 ~]; 2 
σι 13.238 91-2059 Zu 24595 ο ο — 1 
4.0 ΤΟ 2 Jus 243 23.442 443.37 0.018 -1. 25’ 
5 Ὁ eS 1: ΘΠ D 438.79 ο ο ή πα ;Ι΄ 
8.0 13.193 55 504 435.34 00 3 -1.180 
1070 1:9: 0586 αν το 230559 432.40 0.044 =) ea 
128 15. 1ο 3lsq25 23-990 4729746 ο ο-- -]1 219088 
14.30 1:320 189 319515 57 65» 27 2 η. οσοι -1.043 
15; Pelee Ju 558 23.699 419.52 0. 070 -1 0 ; 
1870 13.172 η. 5 νυ ο 55 419.63 0.078 ο. 
05 υ 15. ΠΠ 312550 23.689 420723 0.086 ~1, 0m 
22m0 13.276 31 29:58 ΡΤ ΤΟ νυ -1 301218 
24.0 τι τς 318529 23. 669 422.59 0.103 -1. 04a 
ο. 5. 150 οἱ ου 252656 δν. ος ΠΠ; —1 704 
ος Ὁ το ΠΠ» 31.506 23/5595 τε ο 0 -1 2059 
300 Be Ors 3129/06 23.693 27 ὃν 0.129 -1 0505 
Ὁ 130 15955 3 EE S 2739559 4 2:5 NON Os 1:5 -1 2085€ 
34.0 ] 3 es 31.508 2915.09 22:507] 0515 -1.050 
δι Ό 1:35 894 ον Spo ΕΠ αρ. ο ο ατα -1.048 
38 Ὁ 1-3: 058.5 317509 Z ORIG OS 4 2:358 O65 - 1 20118 
40.0 13 TN 31. 948 ο σου 420.86 0-171 -1-07 
4270 Shee DNE zo τα αι ο ο ΠΤ η. -:: 
44.0 τη ος ος 2559 4200642 (pro - ] ο... 
46.0 ]- 359 B oa .. ο  Ὁ 4.1. ο] () i. Sis -~1 7080 
48.0 13905057 S MEAE ΕΤΗ 121; 0). 2055 1 ο” 
αυ Ὁ ls cen le DM τ» “ΡΠ ΠΗ ΘΠ i ο. 215 τι. 
“2 0 ισα. ERES MI 23-680 “5; ο. 2. -]1 205 
54.0 Ου ΠΠ 31-45 29 οσο 457 31 9. 650 -] 202. 
360 13 TRAD DX S 2:3 90 0) 420.00 (238 -1 059 
SB) ο Tu 20m» 654 jw) ο 419.94 oman -1.008 
οὐ Ὁ T3 117 ο 23.699 ατα S (0 7255 -1 2309000 
Em) 15317 Os Gal 234699 420731 0.264 πιο 
64.0 1ο ο 8 9 23. 707 420708 ΟΠΣ πα ως 
6670 TSn? aec ο. πο 1 ου πι... 
68.0 IG πι 51159 2 SS 419.85 Ὁ 265 - 1 209/04 
το Ὁ ανα. οἱ ο” ΕΙ 420.66 ae sm — | πη 
2) 15.74 31 οσα ο ο” 47 ΠΠ υ ὃς -1.0 U5 
uA) 1ο 4 231 2061 DINI SS αυ ο (Jesse -1 ου 
πο .Ὁ 173 See ο] αι ον υ. 22 -1.002 
"5 Ὁ Γι lee dar] νυ ΠΒ 419.95 Ose - 1200 
80.0 163 78 Sule oa ο ΔΘ 419.28 ()ES3 39 -0.994 
ο Ὁ j.p οὐ οὗ 2 7 41 7 5T 0.348 "ο ο» 
84.0 ο ees ου τΌ» ΠΠ 417.80 ο. τος -0.976 
BG. 0 135 ο] ους 2364 29 418.05 ο ο -0 099 
878 5 3126 6 23.1743 416.74 03:12 -0.964 


TABLE- A=3 
ΠΕΡ ο Ομ FO AND PROFILING ἜΤΗ 
TEMPERATURE AND SALINITY 


09 Nov 04 Dec 

moored profile moored profile 
EENOUmity (psu) ου ο οδς ΘΓ ο 
Temperature (° C) 50 13.9 ee πα 
Depth (m) Sm 82 91 87 
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APPENDIX B 
FOREMAN TIDAL ANALYSIS 
I. GENERAL DESCRIPTION 


Using the assumption that a tidal signal is them mM 


οσα ας of harmonic terms having certain relation SEEN 
astronomical conditions (USDOC, 1950). These harmon Team Tams 
are called "constituents". The Foreman tidal analysis 


scheme performs a least squares fit coupled with nodal 
modulation on hourly current meter or tide height αι. 
calculate current ellipse parameters and  GreenwicDNM D 
lags (Foreman, 1978) or tidal amplitudes and Greenwich phase 
lags (Foreman, 1997) τοι ehes E On TUe a A standard 
package of 69 constituents with 77 additional shallow 
constituents can be requested for computation. The ο... 
only resolve those constituents that Τπδ τθσσοτα Ἱεπσο τσι. 
support. Additional constituents may be inferred on oe 


from reso)]vable constituents. 


9:4 


II. DATA ANALYSIS 

In order to use the Foreman programs, the data from the 
Ὁ ο πδα ro be retormatted. The data --- currents, heights, 
ο τατυτες, salinities --- were in matrix format (as 
required by MATLAB) so a subsampling scheme common for all 
data (with minor variations per parameter) was used. The 
subsampling program shown below was repeated for each odd 
munsered depth bin twenty times, advancing the time step 
wee each run. Although the program below was specifically 
τυ the current data, the subsampling routines were very 
Similar for all the data sets. There were no gaps in the 


noulv records. 


Mart ( l16:20:16220):; 

mame eV ( 116:20:16220); 

uh#=uh# (1:792); 

uus-vhtst(i:792); 
uh#=reshape(uh#,12,66); 
vh#=reshape(vh#,12,66); 
nungp-ceros(66,15); 

Ελα σσετοδ(ος 15), 

ubt ee HUT ασε. 11411. 

ment: lo-vrhB(:,l1)*321; 
ΙΤ Oo. o —urhgp(o2:22:66,1)1*1; 
pound 06 P -vrhs(2tc2:66,1)-*1; 
2) -ασπῆί:;, 11109; 

ο νο οτι οτι. 
urh#(:,3)=date; 

vrh#(:,3)=date; 

μπα ο ος > 

pbi: 4:15j)-5vhf'; 
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The result was twenty records for each depth Dine. 
represented an hourly subsample of the entire 33 day recorda; 
each time stepped every 3 minutes. Each record was exported 
from MATLAB using the following program: 

frid-fopen(t τα απο ο 

fprintf(fid;'*1.01 πο ο 212 οκ ΤΡ 

δ4.0ξ %©4.0£ *$4.0f %4.0f %4.0£ %4.0f %4.0f 

%4.0£ %4.0f %4.0f\n',urh#') 

Minor word processing WaS required τος some header 
information prior to Foreman analysis. The Foreman programs 
determined the constituents and predicted the "punc MM 
Signal for each record. The pressure signal from πα ο... 
CTD was used for height analysis and the Foreman analyzed 
constituents are Listed Sint. bie ΕΓ... The following tide 
gauge data were received from NOAA, tides analyzed, and are 
included as tabular data: San Francisco (Πάρος -- 
Alameda (Table B-3), Port Chicago (Table B-4), απα οι 
Reyes (Table B-5). The moored CTD temperature and Sau 
data were also analyzed by the Foreman heights ιο. 
program. 

Tables B-1 through B-5 have five columns. The fir 
column is the constituent alpha numeric abreviation (see 
επ. Column 2 is the constituent frequenc y mS 


cycles per hour. STN is an arbritary station identification 
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number. τας δαν ποπ Sts the start. and stop month 
and year of the data set analyzed. AL, GL, A, and G are the 
amplitudes  (hundredths of unit) and phases (degrees) 
obtained for each constituent and the same amplitudes and 
phases after nodal correction for astronomical adjustment 


(Foreman, 1977). 


Horizontal Current "data from the ADCP - U and V 
components - were analyzed by the Foreman Current Analysis 
program. παρα ία σι παῃ Current Constituent ellipses for 


EEdepth bin listec )n Tables B-6 through B-15. In Tables 
Et rough B-15 eight columns of results are listed. 
Columns one and two are the constituent name and frequency 
in cycles per hour. MAJOR and MINOR are the semimajor axis 
eemsemimlnor axis of the tidal constituent's elipse. INC 
EN UC inclination of the elipse from O90 T (positive 
clockwise). G is the phase shift of the epoch relative to 
Greenwich. Ci watGmeoarehtie COumcer-rotating vectors that 
@esceribe the tidal ellipse (Foreman, 1978). Constituents 
DeO INF" did not have sufficient record length for 
usus but were inferred from resolvable constituents 


(Foreman, 1978). 
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TABLETB I 
CTD MEASURED TIDE HEIGHTS ANALYSIS 


ANALYSIS OF HOURLY TIDAL HEIGHTS STN 
NO.OBS.= 792 NO. PTS .ANAL. = ο. 
NO NAME FREQUENCY STN M-Y/ M-Y 
1 20 000000000 ο 92,/ 1292 
2 MM 0500] 57275 911099 ο ASA 
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0.32204559 1109401192 429» 
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336. 
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. 0039 
. 0095 
.0043 
.0044 
. 008 
«ου: 
«0004 


24H 14/12/92 
z1.00 


13 


333. 
337 
. oe 
.45 


183 
217 


pose 
196. 
E58. 
2 
. 1 


159 
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3932: 
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141 
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07 
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NAME 
20 
MM 
MSF 
ALP] 
2Q1 
Q1 
O1 
NO1 
P1 
K1 
J1 
OO1 
UPS1 
EPS2 
MU2 
N2 
M2 
L2 
S2 
K2 
ETA2 
MO 3 
M3 
MK 3 
SK3 
MIN4 
Md 
SN4 
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S4 
2MK5 
2SK5 
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M6 
2MS6 
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M8 
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.00000000 
.00151215 
.00282193 
.03439657 
.03570635 
.03721850 
.03873065 
.04026859 
.04155259 
.04178075 
.04329290 
.04483084 
.04634299 
.07617731 
«07768947 
«07899925 
.08051140 
.08202355 
.08333334 
.08356149 
.08507364 
.11924206 
.12076710 
.12229215 
.12511408 
.15951064 
.16102280 
.16233259 
.16384473 
.16666667 
.20280355 
.20844743 
.24002205 
.24153420 
.24435613 
.24717808 
.28331494 
.32204559 
.40255699 
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7396 
.817 
.608 
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.455 
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.069 
.944 
.185 
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15ο 
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. 0774 
2423 
ο. 
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252] 
ο” 
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.405 
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.949 
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1577 
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0» 
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0 
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-0. 

0. 
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-0. 


3 
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1 


0. 


-λ 


0. 
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-0. 
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I. 


zi 
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=. 
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0. 
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0. 


-0 
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-0 


0. 


TO 


24H 
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.000 9.0 
559> 137.5 
089 7 
275 39.6 
984 168.3 
849 31.8 
ο Ὁ 25.6 
707 93.0 
1219 αι 
066 4.2 
«058 45.6 
042 66.4 
374 32 8 
074 33.5 
169 46.5 
947 Nor 
5999 2179.1 
187 2149.5 
σε -2.0 
115 157.0 
084 90.9 
083 171.8 
476 142.7 
691 170.6 
Zu 39-7 
034 146.3 
076 168.3 
646 176.7 
922 1515 
.543 32.1 
824 90.8 
349 51.6 
12928152.2 
088 115.8 
296 50.1 
070 104.8 
20225119. 3 
ΕΙ 80.7 
039 0.4 
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ZI. 
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196. 
Hob 
166. 
207. 
205. 
168. 

eo 
193. 
ΠΠ; 
254. 
269. 
310. 
352, 

τρ. 
107. 

oe: 


12 METERS 


NO 4 -J Own Or DWH BH UWYNAHAWON OK KP WOH BAN H CCW HA BWW ORFKP H~A) ο 


Gt 
351)". 
78. 


107. 
337. 
93. 
130. 
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168. 

20. 

21. 
310. 


30. 
3127 
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TABLE B-7 


TIDAL CURRENT ANALYSIS @ 20 METERS 
FOR STATION 1109, SFB1 GOLDEN GATE BRDG ,AT THE LOCATION 37 49, 122 27 
OVER THE PERIOD OF 1RR 12/11/92 TO 24H 
GREENWICH PHASES ARE FOR TIME ZONE GMT 
NAME SPEED MAJOR MINOR INC G Gt G- 
1 20 0.00000000 0.697 0.000 170.2 180.0 9.8 3501: 
2 MM 0.00151215 4.559 -1.062 138.2 217.6 79.4, 35378 
3 MSF 0.00282193 4.307 0.357 1793602018272 26 1-8 
4 ALP1 0.03439657 0.900 0.202 19.5 713026 τι 2 15051 
9 201 0.03570635 2.808 -1.770 179.4 9235-7 (3316-3 31592 
6 Q1 0.03721850 1.290 -1.083 56.1 86.8 30.7 146-- 
Tol 0.03873065 6.644 2.987 14.3 144.4 130.1 158.7 
8 NO1 0.04026859 1.080 -0.641 99.8 23151557 33374 
πε 0.04155259 5.962 1.303 1.0 179.3 178.3 180.3 INF FR Kl 
10 K1 0.04178075 23.441 -0.143 3.1 177.0: 093 8 180m 
11 J1 0.04329290 2:662 -1.029 39.2. 144.1 105.0 1833 
121001 0.04483084 2.7956 0.048 64.2. 209.2 (45.1 27511 
13 UPS1 0.04634299 1.062 0.975 68.7 252.9 7194.3. 3209598 
14 EPS2 0.07617731 1.006 -0.199 22.5 2178.8 1256-3. 300] 
15 MU2 0.07768947 3.926 0.177 42.1) ©3407) 29871 22 2 
16 N2 0.07899925 15.262 1:752 14.3 0168.1 153.9. 19200 
17 M2 0.08051140 89.115 τι ος 179-3 5.9 186.6 18577 
18 L2 0.08202355 4.649 -0.073 152.2 35.1 243.0 1873 
1. ο 0.08333334 18.135 0.294 =4.3 196.6 200.9 19292 
20 K2 0.08356149 3.788 -0.135 154.7 10.4 215.71 165.0 ΙΝΕ ΓΙ, 
21 ETA2 Ο0.08507364 1.418 1.177 6420598063175 9056-7 78.3 
22 MO3 0.11924206 7.905 -1.339 174.0 206.5 3225 20.5 
23 M3 0.12076710 3.254 -1.631 139.9 168.4 28.5 308.3 
24 MK3 0. 12229215 14.049 -1.924 173.2 193.0 19.7 622 
25 SK3 0.12511408 1.351 0.749 62.8 τ 305.0 705 
26 MN4 0.15951064 3.466 0.090 152.2 157.5 5.5 30927 
27 M4 0.16102280 15.813 271/37 m72. 53 R2053 6 33.0 18.1 
28 SN4 0.16233259 3.422 0.451 4.9 2 D) 32 6 
29 MS4 0.16384473 Sous 1.080 146.4 171.3 24.9 31736 
30 S4 0.16666667 2.496 -0.596 54.7 68.5 13.7 1237: 
31 2MK5 0.20280355 6.005 -2.976 97.8 185.6 87.8 283.4 
32 2SK5 0.20844743 1.479 0.379 5Ο ΒΝ ΟΖ, υ e272. 2 23.1 
33 2MN6 0.24002205 3.058 -0.371 164.2 250.6 86.5 54.8 
34 M6 0.24153420 7.409 0.169 -1213m 270 5S 0149 1 31.8 
35 2MS6 0.24435613 0.767 0.443 917 Ἱ ο το. 983 
36 2946 0.24717808 2.098 0.064 109.8 343.5 233.7 93:3 
37 3MK7 0.28331494 7.830 -1.180 127.6 77.1 309.6 204.7 
38 M8 0.32204559 1782121 29] 99 ΙΟ» 4.6 204.0 
39 M10 0.40255699 1.018 0:152 1617: τ, 7» 69.0 
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THE PERIOD OF 
GREENWICH PHASES ARE 


OVEK 


On HD WM X» WwW Nw 


WwW WWW WwW WW DDD DN DN δν δν νυν DY DN KH KH e BR d w d ee eS 
won nme wnNre OW WON NH Ό 4» UL Ο Cc 1ο ο - OH WM SP ὢὣὦ NP Oo ο 


NAME 
20 
MM 
MSF 
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O1 
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«07899925 
«08051140 
«08202355 
08333334 
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«08507364 
«11924206 
12076710 
12229215 
12511408 
15951064 
.16102280 
. 16233259 
. 16384473 
«16666667 
«20280355 
20844743 
«24002205 
24153420 
24435613 
«24717808 
28331494 
«32204559 
40255699 
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3052 
.914 
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2953 
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0. 
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.002 
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353 
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567 
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TIDAL CURRENT ANALYSIS @ 36 METERS 
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25 
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.546 
. 266 


24H 


INC 
1/953 


149. 
je 
142. 
1ο. 
103. 
10. 
135. 
175. 
Jus 
Sie 
41. 
138. 
73. 
de 
Om 
175. 
r52: 
-5. 
153: 
18. 
170. 
143. 
139: 
S: 
165. 
16». 
163. 
148. 
60. 
83. 
94. 
2E 
126. 
por 
143. 
105. 
170. 
95- 


106 


i: wi Oo uU -J0 UU — ONAN ON MON BW -— Ὁ DWF OH AN AHAAAHAM HA ϱ ὦὅι ὈὉ υω ON 


359%. 


G 
180. 
215. 
185. 
285. 
140. 


150. 
197. 
355. 
172. 
160. 
193: 
318. 
260. 


165. 


194. 


2195 
220. 
147. 
203. 

28: 
156. 
203. 
2193. 
181. 

SO 
168. 


2567 
2197 
134. 
315. 

11. 

93. 
292.: 


G+ 


70. 
21. 
143. 


264. 
To. 

47. 
iS 
a 
123. 
15ο. 
180. 
186. 
324. 
156. 
188. 
ΙΙ. 
200. 
214. 
200. 

49. 


44. 
ge 
3527 

34. 

56. 

32.: 
3583 

84. 
265. 
134. 
N52. 
να. 
191. 
ο... 
283. 
156. 


Jve NDAN UNL WO OW OTF WT CW OD WK OHM OO DWN NH e wO ON OAOA Nw JOJ 


SFB] GOLDEN GATE BRULG ,AT THE LOCATION 37 49, 


G- 
359 


343. 

68. 
278. 
111 
160. 
347. 
174. 
174. 
1987 
235" 

96. 
334. 

40. 
174. 
186. 
157: 
188. 
161. 
238. 

30. 
290. 


80. 
320€ 
19. 
22: 
3305 
118. 
2:5 16 
94. 
17 
45. 
149. 
115. 
203- 
264. 
28. 


ο ο - HNwWn Dn nDW OHH CHK WY UM - ὦ υ ου ο σοὀο ωσωοωοοωαοςῶώοωοοσω 


122 92 


INF FR K1 


INF FR S2 


POR STATION 1109, 


OVER THE PERIOD OF 


GREENWICH PHASES ARE FOR TIME 


e -Jo uw WwW N Ir 


WWW UL) UU UJ UJ UL UL UL ho Fo Fo ο. DH Fo YH FO ND DH æ RM RM e d e M e o. 
iO OO -J OX Ui ο ω Nl FY Oi o -JoOouwu uL; ὃν η» OW WN HM BP uu N- O WO 


NAME 
20 
MM 
MSF 
ALP] 
201 
Q1 
O1 
1101 
Pl 
K1 
Jl 
ΟΟ1 
UPS] 
EPS2 
MU2 
N2 
M2 
L2 
52 
K2 
ETA2 
1403 
113 
MK 3 
SK3 
Ι|1114 
[14 
5114 
54 
54 
2MK5 
2SKS 
214116 
M6 
214S6 
2SM6 
3MK7 
148 
M10 


ο ο ο Ὁ Ὁ ον ο ο OOUUECC DON 20D» 0 0o o ooo ooo oooccc0c c 


SPEED 


.00000000 
.00151215 
.00282193 
203439657 
.03570635 
.03721850 
20538730065 
.04026859 
203155259 
.04178075 
.04329290 
.04483084 
8046014299 
207617731 
.07768947 
.07899925 
.08051140 
.08202355 
.08333334 
.08356149 
.08507364 
«11924206 
.12076710 
282223215 
.12511408 
.15951064 
.16102280 
216233259 
.16384473 
.16666667 
220280355 
.20844743 
.24002205 
.24153420 
.24435613 
.24717808 
.28331494 
-32204559 
.40255699 


1HR 12/11/92 


D Ore ω ο » οϱ η Ό ο NY ON & © 


- 
M 


112. 


ο 
-) hO 4» Q2 b 


ON HAN KY Ὁ ο μα ο ο ο DH CO HR KY ON 


MAJOR 


112 
.809 
7125 
.902 
-033 
5 
.841 
26] 
2633 
.966 
2513 
2223 
-202 
-983 
. 033 
322 
987 
258 
.801 
8915 
7562 
πο 
.412 
. 800 
.869 
.930 
5095 
.754 
.694 
-383 
.034 
2558 
.417 
2315 
79700 
.310 
3T] 
.680 
.398 


TABLE B-10 
TIDAL CURRENT ANALYSIS @ 


TO 24H 
ZONE GMT 
MINOR INC 
0.000 0.5 
ο ο ο. 123.6 
0.139 179 
0.326 2.1 
-0.719 1229 
0.050 77.4 
3:208 8.3 
-12.033 146.3 
1.864 0.1 
-0.300 Zee 
-0.918 3506 
0.786 Gon / 
05829525 15.5 
-0.504 6.3 
-1.145 40.2 
27139 10.9 
1999. 1557 
1155; 2-6 
0.103 2-299 
-0.226 156.1 
ios ge 
-1.066 168.7 
-1.480 106.7 
=].413 169.1 
-0.555 40.3 
-0.077 148.7 
67.8 
as) 3.1 
ο οσοι τοσο» 
-0.215 61.9 
3-561 84.2 
-0.052 100.1 
20.472. 7033.8 
1-587 119-6 
=0 2501 156.1 
-0.440 117.0 
-0.3712 94:9 
0.134 130.6 
-0.164 142.1 


107 


G 


360. 
229. 

15. 
118. 
2334 

68. 
152. 
20. 
174. 
ITI. 
ος. 
20. 
293] 
321. 
οσο 
165. 


155. 


210. 
230. 
T23; 
208. 
47. 
164. 
205. 
41. 
178. 
62. 
190. 
se 350 
25] 
276. 
305. 
338. 
Ta. 
io: 
ει». 


ΝὩ ωὧ ο) Ww lO -J—0oOU Uw uL Οοοοο ο ΟΟ οσοοωωροοωώ ῳω ο ο Ὁ ῳὢ ὦ οὉ Aa ὢω | ο WO 


SFB] GOLDEN GATE BRDG ,AT THE LOCATION 


44 METERS 


au qe 
G1 G- 
359.5 0 
106.2. 353. 
13-7 16. 
97.0 1392 
160.9. 305: 
351.1 35. 
144.4 161. 
61. 0- 353. 
να ο 174: 
roo-7 13; 
82.5 183. 
1016. 3522207. 
171.8 SU 
3014 6 S327. 
316.0 36. 
1954.932176; 
96“: 15. 
2043.85 163. 
198:7 193. 
213.95 T65. 
5.5... 211. 
62.2 397 
87- 17300: 
9 17; 
ym 88. 
ο Gowers Aes 
302 1η... 
32.8 5I? 
4998 QT 
0.4 124. 
106.3 ΘΙ 
229.9 70. 
155. 2 30. 
161.0 32. 
149.1 101. 
220159 e 
344.9 174. 
339.7 240. 
30.59 254. 


O0 0 C ο BN NN  ϱ Ὡσ  ω ο ο σου ο Un Un 


122721 


MwOnN WON WHY He DO Bw OC W! 


INF FR Ki 


INF FR S2 


FOR STATION 1109, 


TIDAL 


OVER THE PERIOD OF 
GREENWICH PHASES ARE FOR TIME ZONE GMT 


Cn DM &® WD & 


WWW WWW WW WW PDN DY DH DN DNDN NN ND BD e e Ee BR RK m o ee ox 
io 0-20 U1 4» ww toO Ww DWN HUN  ὸ ώ ο ο ο Ὁ ο Ὁ ὸ ωὦ Ὁ -υ OO 


NAME 
20 
MM 
MSF 
ALP] 
201 
Q1 
O1 
NO] 
Pl 
K1 
Jl 
O01 
UPSI 
EPS 
MU2 
N2 
112 
L2 
SZ 
K2 
ETA2 
M03 
[13 
MK 3 
SK3 
ΜΗ 4 
M4 
SN4 
MS4 
S4 
2MK5 
«555 
2MN6 
M6 
2MS6 
25516 
3MK7 
M8 
M10 


oso oO. Oo O O OC Oe ο ο ο ο ο Oo ο οοοσοοοσοσοοσοοοσοοσοοσοσοσοσοοε 


SPEED 


.00000000 
.00151215 
.00282193 
.03439657 
.03570635 
.03721850 
:03873065 
.04026859 
20155259 
.04178075 
.04329290 
.04483084 
.04634299 
.07617731 
.07768947 
.07899925 
.08051140 
208202355 
.08333334 
.08356149 
.08507364 
.11924206 
.12076710 
112229215 
.12511408 
.15951064 
.16102280 
(16233259 
.16384473 
.16666667 
.20280355 
.20844743 
.24002205 
.24153420 
.24435613 
.24717808 
.28331494 
32204559 
.40255699 


CURRENT 


SFB1 GOLDE: CATE bkb3 


WHR 12/11/92 


We Oem l4» Ore ο ο μη kK WAR) OO 


— 
to = -- 
ho & UL 4 Un Ww 


—2 lu» OFM ὼὸ | OD ΙΓ NN Ὁ NK KF ND A 


TRAELE B 


11 


ANALYSIS 


TO 24H 


MAJOR MINOR 

. 838 0.000 178. 
.148 -0.284 207 
2356 0.82158 135- 
.679 -0.165 141. 
.049 -0.424 132. 
:794 0:524 174. 
.548 0.862 9 
. 824 0.2657 142: 
27:39 1:526 ^1 718* 
-123 15) 0. 
.430 0.351 38. 
2g 307 0.066 14. 
eT U 619971597 
.329 -0.492 397 
9599. =0.393 33? 
2412 1.039 8. 
.026 02962-1797 
.446 -1.117 146. 
.855 -0.774 -6. 
.835. —0.404 152. 
.476 0. 922 Se 
1335 0.986 170. 
.369 -0.404 154. 
.164 0.191 νο 
s897 “ο 5ο EI y 
. 609 0.963 170. 
-894 =12093> Fis. 
-711 -0.616 το. 
.413 0.853% 1/37 
5379: -0.473 Ga 
1] 2.086 42. 
«503 ο 99. 
-971 6.116 
. 289 1.759 144. 
152 0.604 ys 
. 642 0.048 170. 
.227 -0.476 89. 
70S T 0.072 71657 
.858 -0.168 11. 


1046 


INC 


Qe u)0 UU! — OWW WN ON BNA NMN WO ——-J—— ϱ ο ο 1ο ου ο -Ὁ NID ο BM KY O 


@ 52 METERS 


G 


180. 

49. 
192- 
300. 
120. 
286. 
158. 
189- 
Hoy 
17. 
164. 
177. 
309. 
294. 


164. 


196. 

10. 
204. 
230. 
138. 
208. 
242. 
163. 
203: 
222. 
201. 

357 
13. 

20. 
248. 
294- 
103. 
307. 
112. 
113. 
286. 


“NOP WN OMB ON AR TONN WON Be WDWOWNHN OF kK BWI ο ώω ο ὁ κ ο - ο 


Gt 


29. 
ST. 
159. 
348. 
11; 
143. 
47. 
175. 
ΠΗ, 


RS 


162. 
149. 
255. 
326. 
1558; 
189. 
220. 
202. 
217. 
1599. 
959. 
343. 
Se 
64. 
S5 
2e 
68. 
28. 
51. 
89. 
281. 
125. 
149. 
96. 
136. 
22 
307. 
208. 


ONDWANUONNAMNNANHOAANAANMWO ON Ber BNOUMN HK HK DOOM OC KF O & 


ἐν; 1HE LOCATION 37 49, 


Gs 
3587 

69. 
328. 

δι. 
2599 
101. 
162. 
33°22 
171. 
177 
20r 
192. 
108. 
333. 

34. 
1725 
187. 
1537 
130; 
165. 
203. 

41. 
2927 


597 
35. 


m 
ο 


15. 
14. 
ga 
174. 
115. 


qe 
110. 
117. 
202. 
218. 


D 


MwWowwmWmWeny WW ker WwW KW KY NHN ON A BK MWONDOkKY NN BANTIN DH 0o - C0 'o 


122.2234 


ΙΝΕ ΕΝ ει 


INE ΕΕ - 


BOR STATION 1109, 


TIDAI, 


OVER THE PERIOD OF 
GREENWICH PHASES ARE FOR TIME ZONE GMT 


On NAM BW »5 


GJ UJ UJ WwW Ww UJ UJ UJ UJ ν to WH NH ο. δν ο. WH DN ΑΝ) R&B we Be ee eS ο 
CO YANA UN e OW WH HM ο UN e ODON οσο ὁ κ ww ὉωὉ e COW 


NAME 
20 
MM 
MSF 
ALPI 
2091 
Q1 
Ol 
NO] 
Pl 
K1 
J1 
ΟΟι 
UPS] 
EPS2 
102 
Ν2 
M2 
L2 
52 
K2 
ETA2 
MO3 
M3 
MK3 
SK3 
MIi4 
M4 
SN4 
MS4 
S4 
2MK5 
2SK5 
2MN6 
M6 
2MS6 
2SM6 
3MK7 
M8 
M10 


e ο ο ο Ες Ξ -υ -ο - -- ae ee ee ee ee ae eee OS SO ο ο ο ο ο ο ο ο οσο ο ο o 


SPEED 


.00000000 
200151215 
.00282193 
.03439657 
.03570635 
203721850 
.03873065 
.04026859 
204155259 
.04178075 
2042329290 
.04483084 
.04634299 
.07617731 
.07768947 
2073909925 
.08051140 
.08202355 
.08333334 
.08356149 
.08507364 
.11924206 
.12076710 
12229215 
.12511408 
.15951064 
.16102280 
TES? 3 3259 
. 16384473 
.16666667 
.20280355 
.20844743 
.24002205 
.24153420 
.24435613 
.24717808 
.28331494 
2132204559 
.40255699 


IHR 1 


UJ -e Onr t» Ore ο κ» ο ὸ ® NN ο 


— 
ο mM = 
ω 5 Ὁ & & Οο 


2 — οοώίώωώ -- ο ο -- ιν ο Ὁ ἓω - ο ο Ὃ 


ΙΤ 


2/ 11/92 


MAJOR MINOR INC 
.941 0.000 gr 
.200 -0.309 39-9 
.034 0-814 128.7 
.936 -0.2295 145.0 
. 803 0.331 6 
.914 0.960 151292 
.465 0.820 - 
.749 0.204 130.9 
21:39 12560. 7177.6 
.594 -1.243 20.2 
.447 0.368 40.5 
.707 -0.058 9.6 
7899 0.246 151.8 
.477 0.041 6 
.247 -0.386 31-9 
2906 0.834 6.8 
.834 0.060 179.4 
πια οτι οἱ - 137.] 
.494 -1.131 -6.5 
τ 0.477 15.5 
12 0.928 169.4 
.568 0.708 171.4 
.976 0.138 166.0 
.816 0:317 (160-9 
.982 -0.565 154.0 
.862 0.861 0.0 
.485 -0.018 178.4 
I2 052 1572 
.294 ο συ 5-6 
20162 .—02325 92.3 
.867 0.689 21.4 
2538 -0.101 49.9 
.700 0.154 133.3 
.682 Ἱ οσοι 3172.5 
2322 0.486 8.3 
ο 0.208 143.0 
.133 -0.044 91.9 
. 854 0.235 167.8 
.561 -0.389 ne. 


TAN EB 1l? 
ANALYSIS @ 60 METERS 


TO 


24H 


109 


G 


360. 

44. 
15.5. 
302. 
298. 
125. 
154. 
182- 
355 
11: 
157; 
L837 
315. 
292: 
359. 
1ος 


14. 
196. 
10. 


232. 
134. 
209: 
25]- 
354. 
204. 
214. 
1997 
341. 
T18. 

69. 
251. 
310. 
105. 
2p 
122. 
105. 
284. 


“Mn ο Co wv» OCc CO» Cc Uo c Ui -Ju WOW uw NYE NWT TW OW WYN BND ~) B® OCW O 


Gt 


2507 


66. 
Io 
293. 
13:27 
145. 

9l. 
176. 
171. 
123. 
173 
163. 
254. 
Bo 
Dog 
188. 
231. 
203. 
217. 
195. 

60. 
328. 

48. 

S 
354. 

25: 

S: 

20. 
248. 

δα. 

209 
1175 
138. 

9q- 

923 

30. 
2917. 
208. 


ως ο COo0 —— 20 QO ὶὉΦΟΟ 4i» O05 0U1 00 CO oO wv RKP WMD BHK WK OK BW ο 


SFB1 GOLDEN GATE BRDG ,AT THE LOCATION 37 49, 


ω Ω 


80. 
523» 

δα. 
304. 
146. 
163. 
313. 
τας 
1/1; 
204. 
1927 
107. 
345. 

30. 
170. 
15. 
151. 
190. 
162. 
174. 

43. 
300. 

10. 

45. 
354. 

22. 

ας 


reu 
Co 


T35 
145. 
Τσ 

24. 
123- 
114. 


214. 
213. 


ren 


νο ο ο οι tl -20 6 - ONNA OUUU Ὁ » ωοσο ο οι ὁ BK WOH Mw ww --) DY) ~) 


122 27 


INF FR Ki 


INF FR S2 


FOR STATION 1109, 


TIDAL CURRENT 


OVER THE PERIOD OF 


GREENWICH 


On HWM νὸ WD e 


UJ UU UJ. UU, UU LU UU UU UJ UJ) ho F2 F2 Fo ου ND ἐν ND ND e e- -ee-e Re 
wi: 0-20 Uu 4» UL tO i: 0 -JON Uu» Ww ιο ο ϱ -Ὁ ο ὁ νὸ ων” O O 


NAME 
Z0 
MM 
MSF 
ALP1 
201 
Q1 
Οι 
NO1 
E 
K1 
Ji 
ΟΟ1 
UPS1 
EPS2 
MU2 
112 
112 
L2 
S2 
K2 
ETA2 
MO3 
M3 
MK3 
η 
ΜΙ14 
Md 
SN4 
MS4 
S4 
2MK5 
255 
2MN6 
M6 
2MS6 
2SM6 
3MK7 
M8 
M10 


See 6 Oo OOO Oo €) ο ο Ὁ Cc ο, oO ο ο ο ο ο ο OC OO OO Oo0o0oooooocood 


SPEED 


. 00000000 
.00151215 
.00282193 
.03439657 
.03570635 
.03721850 
.03873065 
.04026859 
.04155259 
.04178075 
04329290 
«04483084 
04634299 
07617731 
07768947 
.07899925 
.08051140 
.08202355 
.08333334 
«08356149 
«08507364 
«11924206 
«12076710 
«12229215 
12511408 
. 15951064 
. 16102280 
. 16233259 
.16384473 
.16666667 
.20280355 
.20844743 
.24002205 
.24153420 
.24435613 
.24717808 
.28331494 
.32204559 
. 40255699 


1HR 12/11/92 


NP RP FN BOeKYNNKY kK BNO 


ο 
Co 


113: 


ho 
U Db v bB 


Or — ON Wer OF ODO KY NWO WH ON ~ 


MAJOR 


2 
.478 
.469 
.393 
130 
.478 
2979 
2549 
.648 
E22 
.248 
n662 
.211 
13/90 
.788 
.541 
479 
.344 
.400 
-149 
2055 
TIB 
S91 
. 690 
.210 
-160 
.403 
[39 
.974 
3865 
.974 
2530 
.664 
2690 
.150 
.820 
.070 
οσοι 
.876 


orr OOr OOo CO SO 


I 


heh Ι Alas 
eO occ cc O&O 


-0. 


TABEI. 


το. 2 


PHASES ARE FOR TIME ZONE GMT 


MINOR 
.000 
ο 
«914 
«195 
.305 
.142 
.914 
eee 
.644 
202 3 
7127 
.118 
.184 
.200 
.034 
Πο ΠΥ 
2243 
.786 
2439 
514 
. 649 
26/68 
.545 
185 
.471 
-115 
.147 
290.1 
2157 
7202 
. 486 
-093 
.200 
. 687 
.017 
2213 
-361 
. 364 
2672 


11 


4H 


Ls 


INC 


16. 
537 
124. 
151: 
43. 
25: 
Te 
1355 
177: 
-0. 
18. 


153: 
41. 
25 


179. 
135. 
= 6). 
153. 
154. 
172. 
176. 
168. 
145. 


153. 


78. 
13. 
51. 
148. 
15. 


1:0. 
103. 
164. 

3 


110 


mPON WW DWN HDHD WOH D]7wWN TDN WMOwWN ONAN Be LOY BMW ο -ὋὉ ὅι σο Mw wow 


G 


360. 

40. 
196. 
311. 
339. 
138. 
155. 
180. 
354. 
Pile 
151: 
181. 
3172 
303. 
359. 
163. 


21: 
135. 


359 
230: 
135. 
208. 
250. 


297 
213. 
qoc 
320: 
119. 
62. 
250. 
135- 
104. 
176. 
214. 
88. 
328. 


wore bre uno-Juno uw HAN DOK SSON ARA eue IHW ON HOH ON OO WM & OO 


Gt 
343. 
346. 

Ta 
160. 
2959 
112: 
147. 

44. 
1767 
172. 


13 25 


181. 
164. 
262. 
ce 
157. 
188. 
246. 
201: 
215. 
1.9 
99. 
318. 
40. 
104. 
358. 
24. 
S gr 
10. 
241. 
106. 
10. 
102. 
T21: 
ο. 
ΞΕ 
110. 
284. 
221 


ANT Y 1S @ 68 METERS 


Mow Or BWW KDHE MDW Me NW WOK ο ο N NALEN ODON YOW YYA ODEON 


SFB1 GOLDEN GATE BRLG ,AT THE LOCATION 37 49, 


LO = 
ὸ ο Ο 


3207 
103. 
227 
1635 
162. 
316. 
17/27 
Lie 
1697 
1825 
110. 
345. 
2η 
168. 
187 
1556. 
189. 
1625 
144. 
44. 
4 des 
17. 
36. 
10. 
33 


237 

$9 
133^ 
11; 

38. 
148. 
113. 
2967 
317. 
2927 


ο 


CJ CO U 4 -J i0 0 O t) Ui i - Ui ο ο νο U1 -J 4 00 U1 -J O UJ e Uu U uà 0 -J 0 O 5 0 U 


122.927 


INF FRR 


INF FR S2 


FOR STATION 1109, 
THE PERIOD OF 
GREENWICH PHASES ARE FOR TIME ZONE GMT 


OVER 


Ono Un i» UL P2 


UJ LU UU UL) UU UJ) UU WWW DNDN DN DN DN DN ND DN BO =e — =e e x € BR o od Ww 
ως ο HA MOL WN TOW WAN HAM BwWNkKYK COW WANA MM B® ω t0 WO 


NAME 
20 
MM 
MSF 
ALP] 
201 
Q1 
O1 
HO] 
P1 
Kl 
Jl 
OO] 
UPSI 
EPS2 
MU2 
N2 
M2 
L2 
S2 
K2 
ETA2 
MO3 
M3 
MK 3 
SK3 
MI14 
M4 
SN4 
Μ5 4 
S4 
2MK5 
2SK5 
211116 
M6 
256 
2SM6 
3MK7 
M8 
M10 


ο ο ο oO © © © © Ὁ ο ο ο ο ο ο ο ο ο ο ο ο ο οσο ο ο ο ο ο ο ο ο οσο ο ο ο Ὁ O 


TIDAL CURRENT 


SPEED 


.00000000 
.00151215 
.00282193 
.03439657 
203570635 
203721850 
.03873065 
.04026859 
.04155259 
.04178075 
.04329290 
.04483084 
.04634299 
707617731 
.07768947 
207829925 
.08051140 
208202355 
.08333334 
.08356149 
.08507364 
.11924206 
712076710 
2012229215 
.12511408 
.15951064 
.16102280 
216231259 
.16384173 
.16666667 
220280355 
.20844743 
.24002205 
.24153420 
.24435613 
.24717808 
.28331494 
.32204559 
.40255699 


ΤΗΡΕΙ; τν 


a) 


UJ 
N å- -ο we NY Go Oe NON e ONNO 


- 
© 


111 


N 
=e b W w 


= =e We NY We © ff ON & WO WN OND -J 


MAJOR 


.504 
312 
. 000 
.688 
.646 
2612 
.547 
.568 
2998 
. 049 
2260 
-409 
2524 
2212 
. 047 
21] 
.472 
.946 
.436 
το. 
LB 43 
. 843 
2165 
SLT 
2591 
916 
.473 
.846 
2022 
.594 
2458 
.566 
η 
.950 
.036 
2172 
2:312 
2330 
2085 


“are ο ο ο ο ο ο ο ο 


EET CE T KAT 
oO ON © ο ο ο 2 © 


-0. 


ες οτι 


. = @ ed 


TO 


24H 


MINOR 


.000 
T7121] 
.016 
125 
.345 
ο ο 
.970 
ooo 
.616 
:293 
-858 
.012 
.149 
.204 
.101 
S121 
2943 
.430 
2919 
433 
T319 
2413 
7932 
led 
. 388 
.968 
.433 
4:993 
.766 
.031 
2204 
-281 
22390 
. 342 
. 336 
.230 
-923 
239] 
.049 


ie- 


INC 


44. 
oq 
124. 
161. 


un 
un 


327 
4. 
145. 
176. 
= 


154. 
151. 
38. 
25. 


1. 
155. 

-5. 
155 
141. 
171. 
178. 
15 
132. 

11. 

15. 
1532 


109. 
165. 
46. 
168. 
34. 


116. 
80. 
149. 
ju 


I- 
H’ 


Ce WV ww) o WOR NNNW DON DANK UB NDWONKY QD i'QU toU — -J2Ov U1 Ov 'O WOM OW ~ 


G 


3:9 
202. 
320. 
343. 
143. 
1536 
186. 
49547 
11. 
147. 
351. 
306. 
314. 


162. 


13 
195. 


345. 
227. 
152. 
2082 
243. 

13. 

397 
209. 

D 
ος 
312. 

38. 
2067. 
131. 
109. 
156. 
267. 

TS: 


uU) l0 0 iD to un unn WON DW OW DAHA HAW WA 00 —- LU t0 000 0 t0 -2u. UL ω -Ὃ ο 0 eK Bw DMO 


Gt 
aq. 
347. 

78. 
158. 
281l. 
110. 
149. 

41. 
176. 
112. 
143. 
I97- 
B5 
275. 
434. 
158. 
188. 
240. 
201. 
219. 
204. 

56. 
314. 

32: 
106. 


2/3. 
oo 
16. 
164. 
149. 
12- 
25 
91. 
101. 
40. 
186. 
285. 
342. 


e NO »ΟΟΟ ΟΟ 5 Ὁὢ Οώώσ» ὃὸ ὢὉ ο WR MW W NY OB Wr kK MN ο ὦ δν - WwW 


SFB1 GOLDEN GATE bBRDG ,AT THE LOCATION 37 49, 


Ge 
44. 
91. 

a= 

122. 
39. 

νο. 

158. 

3 327 

170. 

170. 

150. 

145. 
39. 

Bog 
26: 

166. 

187. 

150. 

189. 

162. 

127€ 
ο. 

310. 
24. 
2] 
2:55 
n 


297 
23 
115. 
1905. 
76. 
165. 
116. 
2 P3: 
348. 
dde 
20. 


me bow) FS OK ott.KocwtGoc't.t.Kt£:ltut.(too-o-Jui5-o0iuicgtux4xst-—.-JuiMmxitNW-i^u).-J 


122 2/7 


INF FR Ki 


INF FR 


S2 


FOR STATION 1109, 


OVER THE PERIOD OF 
GREENWICH PHASES ARE FOR TIME ZONE GMT 


ο -) ο ο B&B WW A) Wk 


UJ UJ LJ LU UJ) LU Ww Ww Wd DN WH ο. DH ο KWH ο ο ND e æ RB E E m mM kJ) RJ b 
OW WI HAMM HwWNr OW WANA NM BwWNkK COW WAIHM MW BwWDHN KF OW 


NAME 
20 


MSF 
ALP1 
2Q1 
Q1 
O1 
NO1 
P1 
K1 
Jl 
OO1 
UPS) 
EPSZ 
MU2 
N2 
M2 
L2 
S2 
K2 
ETA2 
1403 
M3 
MK3 
SK3 
MN4 
M4 
SN4 
MS4 
S4 
2MK5 
2SK5 
2MN6 
M6 
2MS6 
2SM6 
3MK7 
M8 
M10 


σοσσσςσσσσσσοσοσοσοσοσσσσοσοοσσοοοσοοοσοσοοοοσοοοσοοοσοσ ο ο 


SPEED 


. 00000000 
.00151215 
.00282193 
.03439657 
.03570635 
.03721850 
.03873065 
.04026859 
.04155259 
.04178075 
04329290 
.04483084 
.04634299 
.07617731 
.07768947 
.07899925 
.08051140 
.08202355 
.08333334 
.08356149 
.08507364 
.11924206 
.12076710 
.12229215 
.12511408 
.15951064 
.16102280 
.16233259 
16384473 
. 16666667 
. 20280355 
«20844743 
«24002205 
24153420 
«24435613 
«24717808 
. 28331494 
.32204559 
.40255699 


1HR 12/11/92 


O -e e KF NW OeH MN & © bh ο ο 


E 
~J 


108. 


ου 
-) M Bw WwW 


Hee Ne X4 ο ὁ kK KP KF OW WW συ 


MAJOR 


2985 
:127 
837 
.748 
.908 
.682 
.716 
oo 
.421 
1372 
D29 
2.2. 
S o 
.415 
.902 
.876 
207 
7999 
«214 
13 
.480 
210 
.107 
.344 
2:245 
.463 
1:4 974 
. 624 
-$10 
.180 
.180 
.726 
.074 
.430 
4113 
.671 
.564 
.403 
-312 


-0 


-0. 
-0. 
0. 
-0. 
ο. 
1. 


-1 


0. 
0. 
-0. 
-0. 
0. 
=0. 
Se 
-0. 
ο. 
-0. 
0. 
-0. 
D 
-0. 
-0. 
0. 
2: 
-0. 


=A 


0. 


-0 


0. 
0. 
-0. 
1. 
-0. 
zik 


0 
0 


τοδρυς ο 5 
TIDAL CURRENT ANALYSIS @ 84 METERS 


TO 


MINOR 
0. 
-0. 


000 
098 
-229 
160 
127 
628 
281 
634 
560 
.361 
591 
126 
064 
011 
507 
545 
245 
055 
329 
308 
265 
483 
259 
408 
170 
419 
867 
667 
2059 
169 
.724 
466 
292 
709 
527 
052 
089 
.514 
.780 


24H 


INC 


ο 
ο 
121. 
5. 
52: 
31. 
1: 
1377 
176. 
-1. 
13: 
130% 
1589 
48. 
21. 


179: 
135. 

-5. 
τος 
142. 
168. 
ο 


1357 
15. 
zx 

1397 

142. 
ΒΞ. 

156. 
56. 
r 
5] 
98. 

129. 
82. 

143. 
155 


T] 


- e UU i -40-JOv— ia m NU 4 0 0 tU IO |' 00 c0 0o0000€075- 0 ο) ANN 


G 


360. 

36. 
205. 
του. 
347. 
141. 
152: 
180. 
3530 
171. 
162. 
351. 
289: 
291: 
344. 
163. 


196. 

10. 
347. 
224. 
130: 

22: 
239. 

20. 

DZ. 
2135 
253. 
224. 
23195 

SA 
103. 
127. 
209. 
155. 
293. 

ml. 


Uo o0 0-J)0U  - O-JFH)to v0.0 6wuUu-Ju6€ 00000 wvotd0-o0oot'uvuuwvsoco 


Gt 
306. 
341. 

84. 
180. 
294. 
107. 
150. 

43. 
177: 
T29: 
149. 
220. 
130. 
249. 
3227 
160. 
187. 
231. 
201. 
216. 
204. 

551 
313. 

20. 
104. 


22: 
uy 
111. 
141. 
182. 
D 
86. 
Mox 
110. 
29; 
190. 
281. 
347. 


OV iO Q1 -J2 AWWW DWMNNADAW ON 0! 0 U1 01 OO OO iO '— οὖν 0 0 Ii'O0 - GO — O 


SFB1 GOLDEN GA'TE BRKDG ,AT THE LOCATION 37 49, 


O WM 
æ w Οο 
| 


3272 
151. 

392 
174. 
1534 
317. 
169. 
169. 
175 
1233 

87. 
345. 


165. 
187. 
142. 
191. 
164. 
130. 

32. 
307. 


ho 
Un 


15- 
33. 
81. 
Ie 
35. 
306. 
9a 
149. 
12:1 
178- 
308. 
288. 
3557 
214. 


E 
\O 


e ο οσοι ο Ὃ οσο ο ω Γι BOMkeYP WNKDNN ο -) -Ὁ) σι Ὁ ὐ ὁ -Ὁ ο NH WOH O BN 


124 ει 


INF FR K1 


INF Ες 3. 


APPENDIX C 
ROTATION TO PRINCIPAL AXIS 
[e ROTATION TO PRIMARY AXIS 


A. Theory 


The first step in analysis of current data vas to 
rotate the U and V components to a coordinate system which 
nmrzes variance along one axis. This coordinate rotation 


was done as follows: 


x'-xcog80«yain8 
J 8 r Fe e 3.. 5 m. e - ᾱ - 
(x: )&x*cos**y*gin*«2xycos0ain0 


dix) 
e 


-2 (y*-x*)cos8sin8«2xy(cos*-sin*) 





uc ng the derivative to zero 
2 (X*-y*)cos0sin0s2xycosz0 


(x*-y*)28in20s2xycos20 


tan20=-—2ZY_ 
x-y? 
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B. MATLAB Calculations 
The calculations were performed by MATLAB ιτ... 
following M file: 


tor i 15 


tnetalij)=2*meantu. “v7 (mean (un πο E 
ang(i)s0.5*atan(theta(i)); 
deg ijang Im roO pii 

end 


The files "ang" and "deg" are the radian and degree 
rotations required to rotate the data in each depth bin (1) 
to ες mary anler The numerical results are lISPeSMED 
Table C-lI.and pyiotted Ἱπ ισπ sei. 
C. Scatter Plots 
MATLAB was then used to develop scatter plots of U 
vs V for the rotated, de-meanea signalvace fo! ο 
u#=udata(:,#); 
η ταις αι... 
u#f=u#-mean(u#); 
v#=v#-mean(v#é); 
u=u#.*cos(ang(# 
σί 


v=-u#.*sin(an 
ο ο ο... 


τον Sania eae ; 
EX) tvR *costamg P 


Only the odd numbered bins were analyzed so that statistical 
independance was ensured. The resultant data were retained 


for further tidal analysis. 
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TERCE "Cal 
ROTAT T ONEREOUTREDTTOBERIMARY AXIS BY DEPTH. BIN 


Depth(m) Bin Degrees Radian 
T 1 3). 9 ο: 
16 2 ΕΠ ος. 
20 3 4.6045 .0804 
24 å 25 τος» 
219 5 7:4965 ο ιν 
ο 6 ong 9 .1414 
36 I 09032 $1453 
40 8 Do 307 .1471 
44 9 Creel το 
48 10 TOTS 21.3415 
S2 μα 120833 -1236 
56 eZ ο ο οὓ ELIS 
60 3 GO van 10979 
64 14 4 8 20869 
68 5s fe ao SD TT 
72 16 4.0139 SU TOT 
76 I7 EID 06721 
80 18 158 .0547 
8 4 η 2.5404 «0443 
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APPENDIX D 
DE-TIDING AND RESTUUALSANAIY Sis 

I. DESTIDINGSERGCEDURE 

To analyze the residual currents, I removed the MEM 
tidal signal from the "raw" signal by subtracting mne 
Foreman predicted constituent signal. Each Foreman derived 
constituent signal was found in a file named fubig# or 
fvbig#, where # represented the bin number. The raw data 
rotated to their principal axis were placed in files named 
u#r, where # represented the bin number. The simple MATLAB 


commands, 


u#detide=u#tr-fubig#; 


v#detide=vitr-fvbig#; 


were used to subtract the Foreman constituent tide signal 


from the raw rotated data signal. The result was a very 


noisy low amplitude "de-cided = eurren@ 7s tana 
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II. LOW FREQUENCY ANALYSIS 
To remove the noise from the de-tided signals, and as a 
uude de-tiding method on CTD and other data, a Butterworth 


72 hour, low pass filter was created in MATLAB as follows: 


hepa |=butter(5,6/7(72*60); for three minute data 


ο ο =ouLter(o,4/(72*60); for two minute data 


Bach Signal was filtered using: 


Visti lter(b,a,<filename>); 


Signals that were low passed included: de-tided U and 


fees, moored CTD data (pressure, temperature, and salinity), 


winds measured at the Golden Gate Bridge, and the NOAA tide 


quage data. 
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